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Abstract 
Two series of nanostructured ZnFe2O4 and MgFe2O4 samples, each of which 
consists of four nominally identical samples of different nanoparticulate sizes 
(average), Φ ~ 90 nm, Φ ~ 21 nm, Φ ~ 15 nm, and Φ ~ 9 nm, were synthesized by 
the mechanochemical route. The thermal- and inversion-parameter-dependent 
magnetic order and transformation of magnetic ordering for these two series were 
studied through magnetization experiments over the temperature range from 2 K 
to 350. For the various nanoparticulate ZnFe2O4 samples varied from Φ ~ 90 nm 
to Φ ~ 9 nm, the correlation among three different magnetic orders; 
antiferromagnetic long-range order, ferromagnetic long-range order, and 
antiferromagnetic short-range order, was explored by polarization analysis of the 
consequent neutron diffuse scattering over the temperature range from 1.5 K to 
295 K. The most exciting feature of this research is the observation of three 
different magnetic orders in the spinel ferrite of the general formula (M
2+
1-
cFe
3+
c)[M
2+
cFe
3+
2-c]O4, with the variation of distribution of ions (M
2+
 and Fe
3+
) on 
the (A) and [B] sites by changing inversion parameter, c. The magnetic 
characterization established the transformation of magnetic order with increasing 
the inversion parameter from 0.008 to 0.35 that is strongly influenced by thermal 
and magnetic field, but not to any significance by the frequency effect. The ionic 
distribution on the (A) and [B] sites due to mechanical activation favoured the 
magnetic-order transformation and confirmed the coexistence of a 
superparamagnetism along with a weak superspin-glass order. The magnetic 
phase diagram, developed for ferrimagnetic and antiferromagnetic order, shows 
the steady development of ferrimagnetism from Φ ~ 90 nm to Φ ~ 9 nm ZnFe2O4 
samples, which is more stable at a higher thermal condition. Comparison of the 
magnetic-order transformation, for nanostructured ZnFe2O4 and MgFe2O4 
samples, by the distribution of moments along with the inversion parameter, 
confirmed the presence of core/shell formation for nanostructured ZnFe2O4 
samples. This dissertation reached the definite conclusion that strong 
ferrimagnetism developed in the nanostructured ZnFe2O4 sample as an inverted 
spinel ferrite, along with a diminishing antiferromagnetic short-range and long-
range order compared to that of a bulk ZnFe2O4 sample as a normal spinel ferrite.  
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Chapter 1 
 
1 Introduction 
 
For the last five decades, ferrites have attracted the considerable attention of researchers 
because of their impressive structural, electrical and magnetic properties. In the last 
decade, besides the bulk ferrites, research in nanoparticulate ferrites has been upgraded 
to such a level where research in nanoparticulate ferrite itself is now a separate research 
arena. Enormous developments have been introduced in nanoparticulate ferrites, not 
only in the industrial sector but also in health and medical sectors. For the evolution of 
technology, it is conceivable to form nanostructured ferrites using a variety of 
techniques while keeping the elementary properties of ferrites, such as saturation 
magnetization, high electrical resistivity, excellent chemical stability, and low electrical 
losses, unperturbed. Nowadays, many types of research on nanoparticulate ferrites made 
it one of the most thought-provoking areas to be explored and emphasized.  
The only ferrite that occurs naturally is Fe3O4 (magnetite) which is a permanent 
magnet [1]. Excluding Fe3O4, other ferrites technologically follow numerous procedures 
according to different users. Ferrites are usually non-conductive ferrimagnetic ceramic 
compounds prepared from iron oxides and other oxides. The iron oxides, hematite 
(Fe2O3) or magnetite (Fe3O4) are used to develop ferrites. The first-ever ferrite 
compound was synthesized in 1930 by Yogoro Kato and Takeshi Takei of the Tokyo 
Institute of Technology [2]. 
Spinel-type ferrites have the general formula MFe2O4. Here M indicates divalent 
metal ions, such as Mn, Mg, Co, Ni, Zn, Fe, etc. [3]. Spinel ferrites have received the 
utmost consideration because of the significant improvement of their electrical, 
structural, and magnetic properties by introducing inversion in their nanostructured 
form. The technical and instrumental enhancements have accelerated the fundamental 
research of ferrites.  
A ferrite itself is an oxide with low conductivity coupled with a fascinating 
structural and magnetic behavior with application in many aspects as a permanent 
magnet and to magnetic recording [4]. The physical and chemical characters of ferrites 
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change considerably with doping and mechanical activation [5]. The most 
straightforward use of ferrites is in integrated circuitry. In addition, magnetic ferrites 
have many novel applications, among those the most prominent are the use in the field 
of electronics, medical science, ferrofluid technology [6, 7], and in biotechnology, 
especially as magnetic memory [8]. Efficient hyperthermia for cancer treatment [9, 10] 
attracts the attention towards such ferrites, including in thin-film and nanoparticular 
form, for investigating and characterizing the structural and magnetic properties in the 
last decade.  
Magnetic structures of nanoparticulate ferrites are dissimilar to those of bulk 
ferrites of the same compositions because of core/shell formation, magnetization, 
susceptibility, resistivity, and the existence of more than one magnetic order. In the case 
of nanostructured ZnFe2O4 samples, these magnetic properties can be studied by 
neutron polarization analysis which was investigated earlier by only a few other 
scientists [11-15].  
As an inverse spinel, MgFe2O4 synthesized by numerous procedures were 
studied by a few researchers previously [16-20], which revealed the interesting facts 
regarding this spinel ferrite. The investigation of this ferrite sample at nanoparticle scale 
discovered a new range of structural and magnetic properties of this ferrite, depending 
on which we selected this sample for a relative study in this current investigation to 
explore the magnetic order transformation of normal spinel ZnFe2O4. ZnFe2O4 and 
MgFe2O4 belong to the same space group, Fd3m, with the different configuration as 
cubic spinel ferrite; normal spinel and inverse spinel, respectively. Due to mechanical 
activation, inversion between different cationic sites of these two compositional 
materials provide interesting facts which help us to develop the magnetic phase diagram 
of nanoparticulate ZnFe2O4. 
In last two decades, the interest has been expanded around normal spinel ZnFe2O4 
which is widely used as a ferrofluid in micromechanics [21], which can be the future of 
biotechnology. This compositional material can also be used for magnetoelectric 
refrigeration in conventional refrigerators, and also as a contrast agent for magnetic 
resonance imaging [17], re-generable absorbent material for desulphurization of hot 
coal gases [22-24], and so on. In recent years, researchers focused on unfolding the 
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structural and magnetic properties and performance of both bulk and nanoparticulate 
ZnFe2O4.  
 Purpose of the Present Project 1.1
The project aim is to develop the magnetic phase diagram for ZnFe2O4. Previously 
Hofmann et al. in 2004 [25] studied the magnetic phase diagram of ZnFe2O4 which 
inspired us to conduct this thesis project. Simultaneously, the magnetic order 
investigations on MgFe2O4 performed previously [17, 19, 20, 25, 26] have led us to 
study the magnetic-order transformation for nanoparticulate MgFe2O4 samples in this 
project to establish a comparative observation between nanoparticulate ZnFe2O4 and 
MgFe2O4 samples. We separated this project into three sections depending on the 
research techniques and analysis approaches, as below: 
•    Magnetic-order transformation of nanoparticulate ZnFe2O4;  
•   Structural and magnetic characterization of MgFe2O4 prepared by mechanochemical 
route; and 
•    Investigation of the magnetic order of nanoparticles of ZnFe2O4 via neutron diffuse 
scattering with polarization analysis. 
 Synopsis of the Project 1.2
We organized the project into eight chapters, including the results and discussions for 
three objectives as mentioned above in three of these. This current chapter, ‘Chapter 1’ 
introduces the project aim and gives a synopsis of this project according to the separate 
branches. 
‘Background to the Research’ is discussed in ‘Chapter 2’. As well as the 
literature review for this work, this chapter provides the necessary background 
information on ferrites and discusses the importance and specialty of the compositions 
of our particular interest. We also include the reasons behind the interest in ZnFe2O4 
and MgFe2O4 at nanoparticle scale, here. This chapter describes the synthesis methods 
for spinel ferrites and the popular established research methods for investigating various 
spinel ferrites. This chapter also includes the reasons behind the research approaches of 
this project 
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‘Chapter 3’ is ‘Research Techniques and Analysis Methods.’ This chapter 
consists of three objectives. The first part of this chapter discusses the research 
techniques and supportive theory for analyzing the experimental data. The second part, 
discusses the history behind producing the studied nanostructured ZnFe2O4 samples and 
the methodology for the bulk and nanostructured MgFe2O4 samples. The third and last 
part of this chapter gives a glimpse of the equipment for the experiments of our interest.  
‘Chapter 4’ to ‘Chapter 6’ comprise the results and discussions of the present 
work.  
In ‘Chapter 4’, entitled ‘Magnetic-Order Transformation of Nanoparticulate 
ZnFe2O4’, we discuss the structural and magnetic properties of a nanostructured 
ZnFe2O4 sample series with nanoparticle diameter, Φ, varied from Φ ~ 90 nm to Φ ~ 9 
nm. Fundamental structural investigation techniques, X-ray diffraction (XRD) method 
and field-emission scanning-electron microscope (FESEM) micrograph, are followed to 
understand the structural characteristics of bulk and nanostructured ZnFe2O4 samples. 
Magnetic characterizations of the samples are done in two ways. In this chapter, we 
discuss the physical properties measurements by the AC and DC magnetizations. We 
conduct these physical properties measurements experiments, in different cooling fields, 
in the presence of an AC field and at different frequencies over a wide range of 
temperature. Transformation of magnetic order for bulk to nanoparticulate ZnFe2O4 
samples is discussed in this chapter sequentially with appropriate experimental 
techniques and analysis methods.  
In “Chapter 5’, entitled ‘Magnetic-Order Transformation of Mechanochemically 
Synthesized Nanostructured MgFe2O4’, we discuss the magnetic order and its 
transformation with the variation of cooling fields, frequency, and temperature in a 
similar manner as we performed for nanostructured ZnFe2O4 samples in ‘Chapter 4’. 
We maintained the same research methods and analysis techniques for investigating the 
structural and magnetic properties of nanostructured ZnFe2O4 and MgFe2O4 samples of 
similar nanoparticulate sizes to facilitate comparative interpretation and discussion.  
The magnetic structure of ZnFe2O4 by polarized neutron diffraction is discussed 
in ‘Chapter 6’ - ‘Investigation of Magnetic Order of Nanoparticles of ZnFe2O4 via 
Neutron Diffuse Scattering with Polarization Analysis’. The neutron diffraction 
scattering for the samples at different temperatures is explored. Here, we examine the 
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general expression for the differential scattering cross section for nanostructured 
ZnFe2O4 samples. The magnetic and atomic structures of the investigated samples 
change significantly with the inversion parameter which can be visualized easily by 
neutron scattering with polarization analysis. This chapter comprises the study of 
nuclear and magnetic Bragg peak intensities, along with positions to verify the crystal 
and magnetic structures of ZnFe2O4 and to determine the magnitudes of the magnetic 
moment in the investigated samples.  
The ‘Overall Conclusions’ are presented in ‘Chapter 7’. In this chapter, we also 
correlate the results obtained from ‘Chapter 4’ to ‘Chapter 6’ and reach the final 
deliberations about this project. This chapter provides the summary of the unique 
knowledge that we have gained from this project, including the future plans to extend 
the research of this project. 
‘Chapter 8’ contains the ‘Appendices’ of this thesis, which consists of brief 
descriptions of the instruments used for our experiments, some additional results, and an 
indication of extended research approaches. 
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Chapter 2 
 
2 Background to the Research  
 
This chapter is the literature review chapter, which contains the basic theory regarding 
spinel ferrite. In this chapter, we also give the reasons behind choosing spinel ferrite for 
our project and describe the present methodology for preparing nanostructured samples 
in a laboratory. Furthermore, the essential uses of spinel ferrites are briefly summarised 
here. 
 Spinel Ferrite 2.1
Among three forms of ferrite; spinels, garnets, and hexaferrite; researchers are most 
interested in spinel ferrites of the formula (M
2+
1-cFe
3+
c)[M
2+
cFe
3+
2-c]O4. In this formula, 
the parentheses indicate the divalent tetrahedral (A) site, the brackets indicate the 
trivalent octahedral [B] site, and c is the degree of inversion. M indicates divalent non-
magnetic metal ions, M = Mg, Cr, Mn, Fe, Co, Ni, Cu, Zn, Cd, Sn, etc. Because of the 
coexistence of divalent iron ion, Fe
2+
 (ferrous ion), and trivalent iron ion, Fe
3+
 (ferric 
ion), the properties of ferrite show captivating facts in research. The basic formula for 
spinel ferrite is AB2O4
 
which belongs to the Fd3m space group.  The normal spinel can 
be represented as (A
II
)[B
III
]2O4. The (A) site can be occupied by divalent Mg, Cr, Mn, 
Fe, Co, Ni, Cu, Zn, Cd, Sn ions and the [B] site can be occupied by trivalent Al, Ga, In, 
Ti, V, Cr, Mn, Fe, Fe, Co, Ni ions [27]. In a normal spinel, the occupation ratio of 
divalent and trivalent ions on the (A) and [B] sites, respectively, is 1:2. For example, 
ZnFe2O4 is a normal spinel.  
In the meantime, the general formula for inverse spinel is (B
III
)[A
II
B
III
]O4. In an 
inverse spinel structure, the (A) site can be completely occupied by trivalent ions, and 
the [B] site will be occupied by an equal number of divalent and trivalent ions. 
Examples are Fe3O4 (ferrite), CoFe2O4, and NiFe2O4. The number of ions on the [B] site 
can be rearranged by mechanical activation. The random occupation of ions leads to a 
defect spinel. 
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2.1.1 Crystal Structure of Spinel Ferrite 
Distinct behaviors of crystal structure develop due to the arrangements of oxygen ions 
on different sites in magnetic ceramics. Alex Goldman in his handbook of Modern 
Ferromagnetic Materials (Kluwer Academic Publishers, 1999) has briefly discussed the 
crystal structure of ferrites. A spinel ferrite possesses a cubic-close-packed crystal 
structure. These metal ions balance the charge of the oxygen ions and the relative 
number of these metal ions. Among various spinel ferrites, Y2O3 can form spinel ferrites 
with different crystal structures when mixed with Fe2O3. The variation of crystal 
structures for this spinel ferrite depends on the ratio of Y2O3 and Fe2O3, for example, 
Y2O3.Fe2O3 and 3Y2O3.5Fe2O3 have different crystal structures, and consequently, they 
each possess a different magnetic order. 
The crystal structure of ferrite is important, as this characteristic can decide the 
application of the material; for example, BaFe2O4 may have either a hexagonal or a 
cubic crystal structure. When it is a hexagonal spinel ferrite, it can be used as a 
permanent magnet. By contrast, when it possesses the cubic crystal structure, it can be 
used in those sectors where it requires avoiding any preferred direction and possesses 
more than one equivalent crystal direction.  
 A spinel ferrite of the formula (A)[B]O4 has a large unit cell. A normal spinel 
ferrite has 56 ions per unit cell [(1+2+4) x 8 = 8+16+32 = 56]. This means that 8 ions 
reside on the (A) sites, 16 ions on the [B] sites, and both the (A) and [B] sites are 
surrounded by 32 oxygen ions. A closed-packed oxygen arrangement of these 32 
oxygen ions forms the unit cell of spinel ferrite.  Within the layers of oxygen ions, there 
are 96 interstices; 64 interstices are tetrahedrally coordinated, called the (A) sublattice, 
and 32 interstices are octahedrally coordinated, called the [B] sublattice. Each (A) site is 
surrounded by 4 nearest-neighboring oxygen ions, and each [B] site is surrounded by 6 
nearest-neighboring oxygen ions. If both sites are occupied by Fe
2+
 or Fe
3+ 
ions, i. e., 
only by metal ions, then the sum of positive ions will be very much greater than the sum 
of negative ions, and the crystal structure will be unstable. For an electronically neutral 
crystal structure, positive metal ions occupy 8 special positions among those 64 
interstices on the (A) sites, and are indicated by 8a in the Wyckoff notation [28]. 
Among the 32 interstices on the [B] site, 16 interstices are occupied with metal ions and 
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represented as 16d, and the positions for oxygen ions are represented by 32e in the 
Wyckoff notation.  
For example, in the case of a mineral spinel AlFe2O4, the net charge in the 
crystal structure will be the total of +64, where 8x(+2) = +16 ions on the (A) sites and 
16x(+3) = +48 ions on the [B] site. These positive 64 ions will be balanced by 
32x(−2)  = − 64 ions, which are supplied by oxygen ions. Figure 2-1 shows a unit cell 
of a spinel structure of formula (A)[B2]O4 which was also discussed by Smit and Wijn 
in 1954 [29]. 
 
Figure 2-1: A partial unit cell of a normal spinel structure. 
According to this unit cell, the red circles indicate the 8 divalent ions on the (A) 
sites and the green circles the 16 trivalent ions on the [B] sites, which are balanced by 
32 oxygen ions, shown by the blue circles. 
Ferrite is a classic example of a ferromagnetic material. Like in all other 
ferromagnetic material, the permeability increases with the applied magnetic field, and 
sometimes ferrite possesses magnetization below the Curie temperature, TC, after 
removal of the applied magnetic field. This happens because of the alignment of 
electron spin in domains. Some of the rare-earth elements, like Gd (gadolinium) and Dy 
(dysprosium), and the transitional-metal elements Fe (iron), Ni (nickel), and Co 
(cobalt), exhibit this magnetic behavior. In 1915 the spinel structure was investigated 
for the first time by William Henry Bragg [30]. The spinel structure opened a full field 
of research due to its unique capability to form a wide variety of robust structures 
without change of its original formula, (M
2+
1-cFe
3+
c)[M
2+
cFe
3+
2-c]O4.  
Octahedral atom - [B] site 
Oxygen 
Tetrahedral atom - (A) site 
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We are interested in the magnetic structures of ZnFe2O4 and MgFe2O4. Both 
materials are face-centred-cubic ferrite and belong to the Fd3m space group (number 
227) in the International Tables [28].  
ZnFe2O4 is a normal spinel ferrite with c = 0 in the general formula 
(Mg1−cFec)[MgcFe2−c]O4 [31-34]. Meanwhile, MgFe2O4 was reported as a nearly inverse 
spinel with c = 0.9 which is cubic with lattice constant, a = 8.3998 Å, and space group 
Fd3m. Mechanical activation causes the variation of c and rearrangement of cations on 
the (A) and [B] sites, which results in nanoparticles of the spinel with significant 
changes in structural and magnetic properties but without changing the general formula. 
2.1.2 Classification of Spinel Ferrites 
Crystal structure of spinel ferrites can be classified into three groups. The ion 
distribution in these three structures is different. The three categories of spinel ferrites 
are discussed briefly here. 
(a) Normal Spinel Ferrite 
In a spinel structure, when each of the cells of spinel structure consists of eight (A) sites 
and 16 [B] sites, occupied by divalent and trivalent metal ions, respectively, then it 
forms a normal spinel structure (Figure 2-1).  
In a normal spinel, the ratio of the (A) to [B] sites is 1:2. The general formula for 
this type of spinel structure is (A
II
)[B
III
]2O4, where the superscripts indicate the number 
of metal ions on the (A) and [B] sites. Minerals are normal spinel. Besides minerals, 
bulk synthetic ZnFe2O4 is also a normal spinel ferrite with the general formula (Zn
2+
1-
cFe
3+
c)[Zn
2+
cFe
3+
2-c]O4. The range of degree of inversion is 0<c<1 for a spinel ferrite 
[35]. The degree of inversion indicates the nature of the material. A ferrite with c = 0 
means a normal spinel ferrite and c = 1 indicates an inverse spinel ferrite.   
With mechanical activation, the inversion parameter changes and the structural 
and magnetic properties change drastically without changing the underlying formula. 
With c = 0, ZnFe2O4 is antiferromagnetic with the Néel temperature TN ~ 10 K. In this 
spinel ferrite eight tetrahedral (A) sites are occupied by non-paramagnetic Zn
2+
 and 
magnetic Fe
2+
 ions, and 16 octahedral [B] sites are occupied by magnetic Fe
3+
 ions. 
Zn
2+
 ions have no unpaired electronic spin, so these ions produce no anti-ferromagnetic 
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orientation of themselves on the [B] sites. The B-B interactions of Fe
3+
 ions on the [B] 
sites are also very weak. Therefore, ZnFe2O4 is not ferrimagnetic, and the arrangement 
of Zn
2+
 and Fe
3+
 ions confirms that it is a normal spinel. 
(b) Inverse Spinel Ferrite 
In 1915 Barth and Posnak found that in many cases trivalent ions occupy the (A) sites 
and the rest of the trivalent ions go to the [B] sites [36]. Divalent ions join with trivalent 
ions on the [B] site to form another spinel structure, which is known as inverse spinel. 
That means, eight trivalent ions occupy eight (A) sites (red) as shown in Figure 2-2 [7]. 
Meanwhile eight trivalent and eight divalent ions equally occupy 16 [B] cationic sites 
(green). The general formula for inverse spinel is (B
III
)(A
II
B
II
)O4. 
 
Figure 2-2: The ¼ unit cell of an inverse spinel structure. 
Ion occupancy on the (A) and [B] sites depends on ionic radii, the sizes of 
interstices, temperature, and the orbital preferences for specific coordination.  The size 
of the [B] site is greater than that of the (A) site. So, larger ions fit the [B] site to make 
both sites compatible with each other. Divalent ions are larger than trivalent ions, so 
accordingly the [B] site should be occupied by divalent ions and the (A) site should be 
filled by trivalent ions. Therefore, this arrangement of ions in the spinel structure forms 
an inverse spinel ferrite according to the definition of an inverse spinel. From this point 
of view, ZnFe2O4 and CdFe2O4 are exceptional, as in these two materials a normal 
spinel structure forms with Zn
2+
 and Cd
2+
 ions on the (A) sites and Fe
3+
 on the [B] sites. 
The reason behind this is that the electronic configurations of Zn
2+
 and Cd
2+ 
ions are 
favorable to bond with the electrons of oxygen ions those reside on the (A) sites.  
Inverse spinels are commercially important as this type of spinel is used in 
magnetic resonance imaging (MRI), targeted drug delivery, hyperthermia for cancer 
  
(A) site (tetrahedral ion 
position) for Fe
3+ 
ions 
[B] site (octahedral ion 
position) for Fe
2.5+ 
ions                  
O
2+ 
ions    
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treatment, and also in high-density storage devices, magnetic fluids, transformer cores, 
and so on.  
(c) Mixed Spinel Ferrite 
The mixed spinel ferrite is a high-energy state of the material in which divalent and 
trivalent ions occupy both the (A) and [B] sites at the same time. This type of spinel is 
formed at elevated temperature. We know that, at a higher temperature, the ion 
occupancy on the (A) and [B] sites is influenced by temperature. So it becomes 
uncertain which ion will go to which site. As a result, mixed spinel occurs with high 
energy disorder. NiFe2O4 is one such mixed spinel. As an industrial material, it can be 
used for magnetic and magneto-optical applications, power transformers [37, 38], for 
gas and humidity sensor devices, and electrical, electronic, and catalytic applications 
[39].  
2.1.3 Ionic Positions in Spinel Ferrite 
            The theoretical aspects of the present work draw from the significant 
contributions of numerous previous studies. Among them, the works of Kamazawa et 
al.[40], Shull et al. [41], Fayek et al. [42], Halpern et al. [43-45], and Shirane [46] are 
remarkable as their investigations led to a broad understanding of the magnetic states 
of spinel structures. The theoretical background of our research on the magnetic 
structure of nanosized ZnFe2O4 is based on these well-established theories. 
Ionic sites  Co-ordinates of the ions 
Ions on the tetrahedral (A) site (0,0,0); (3/4,1/4,3/4); fcc 
Ions on the octahedral [B] site  (5/8,5/8,5/8); (3/8,7/8,1/8); (7/8,1/8,3/8); 
(1/8,1/8,7/8); fcc 
Oxygen ions (x,x,x); (?̅? +
1
2
, 𝑥 +
1
2
, ?̅?); 
(𝑥 +
3
4
, 𝑥 +
1
4
, ?̅? +
3
4
); (𝑥 +
1
4
, ?̅? +
3
4
, 𝑥 +
3
4
);  
(?̅?, ?̅? +
1
2
, 𝑥 +
1
2
 ); (𝑥 +
1
2
, ?̅?, ?̅? +
1
2
 ); 
 (?̅? +
1
4
, ?̅? +
1
4
, ?̅? +
1
4
); (?̅? +
3
4
, 𝑥 +
3
4
, 𝑥 +
1
4
, ); fcc 
Table 2-1: Ionic positions on the different sites in a unit cell of spinel ferrite. 
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The crystal structures of two spinel ferrites of our interest, ZnFe2O4, and 
MgFe2O4, possess the general formula MO.Fe2O3 (M = Zn
2+
, Zn
2+
, Mg
2+
, Mn
2+
, Co
2+
, 
Cu
2+
, Ni
2+
 or Cd
2+
) as discussed previously in ‘Chapter 1’. As both of the compositions 
are the in space group Fd3m, the ionic positions of the corresponding ions are the same 
as presented in Table 2-1. 
In Table 2-1, x signifies the variable positional parameter, which for ZnFe2O4 is 
x = 0.385 [47] and  for MgFe2O4 is x = 0.382 [31, 48].  Oxygen is a nonmagnetic ion 
and the coordinates of this ion are also shown in above table. In addition to the oxygen 
ions, other ions distribute across the (A) and [B] sites with co-ordinates mentioned in 
the same  Table 2-1. Depending on the number of distributed ions in those two sites, a 
spinel ferrite can be classified as ‘normal’ spinel or ‘inverse’ spinel, as well as a special 
category in between these two categories named as ‘mixed’ spinel.  If we consider the 
ratio of iron ions distributed across the (A) and [B] sites, then the following two 
conditions can be taken into account to classify spinel ferrites of the general formula 
(M
2+
1-cFe
3+
c)[M
2+
cFe
3+
2-c]O4, where c is the inversion parameter: 
1) A spinel ferrite is a normal spinel ferrite with all divalent M ions on the (A) site, and 
all Fe
3+
 ions reside on the [B] site when c = 0.  
2) A spinel ferrite becomes an inverse spinel ferrite with Fe
3+
 ions distributing equally 
between (A) and [B] sites when c = 1.  
There are some spinel ferrites with ion distributions between these two conditions and 
which are called mixed spinel ferrites.  
2.1.4 Importance of Spinel Ferrites 
In last five decades, the investigations on ferrites were developed enormously and 
started to be implemented in various sectors for humankind. The exciting enhancements 
in ferrites saw them widely applied; including in a hard magnet, in a magnetic recorder, 
and even in microwave devices. We highly esteem the utility of ferrites in electric and 
biotechnology of daily life. 
Many of the electronic circuits, such as impedance-matching networks, filters, 
low-noise amplifiers, and voltage-controlled oscillators, use ferrites as inductive 
components. As ferrites are a soft spinel, they are used to make a coil of inductors. 
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Nowadays, integrated circuits are improved by multilayer technology which depends on 
ferrites. Ferrite films are used in microwave microelectronics because of the natural 
preparation method which is low cost at the same time [49].  
Investigation of magnetic properties of ferrites in last two decades became much 
more regular because of the expanding use of electronic devices like televisions, 
computers, cell phones, digital camera, and many more small instruments. These daily 
useable tools are based on the switched-mode power supply, and ferrites are highly 
suitable for this application. Ferrites are used in these devices for electromagnetic 
interference suppression [50, 51]. Carbon nanotubes, made of ferrites are capable of 
absorbing microwave radiation [52], so spinel ferrites have a very bright future in 
environmental aspects.  
Research on ferrites is undertaken not only of their remarkable fundamental 
properties but also for their massive impacts on biotechnology. Living organisms 
contain nanoparticulate ferrites [53]. For this reason, ferrites play a significant role in 
health diagnosis and treatment, i.e., in the healthcare sector. Superparamagnetic ferrites 
are used in magnetic resonance imaging (MRI) devices [54], which are utilized to detect 
broken bones, or the presence of tumour cells, increasingly preferred over X-ray 
diagnosis to reduce radiation dose. Furthermore, the hysteresis loss of appropriate 
ferrites can be applied in hyperthermia treatment which is a kind of thermal-energy 
method, to treat cancer. Another treatment method applied for healing cancer is 
chemotherapy. Investigations of spinel ferrites are going on all over the world to make 
more efficient and affordable chemotherapy treatment [55].  
From the educational sector to the industrial sector and the health sector, from 
kitchen appliances to distant space investigations, everywhere magnetic materials are 
being used immensely with excellent prospects. The regular manifest utilization of 
spinel ferrites makes it essential to investigate the chemical and physical properties of 
new compositions by different investigational and analysis approaches.  
2.1.5 Prominence of Nanoparticulate Ferrites 
In last five decades, the research in ferrite expanded from bulk to nanoscale ferrite. The 
nanostructure can relate the bulk materials and atomic structure of the same material 
according to their coherent and non-coherent behaviors. When the average particle size 
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of the material is larger than 100 nm, it is considered to be a bulk material. Whatever 
the size of a bulk material, the same properties are generally exhibited by any sized 
sample of that bulk material. Any material which includes particles of size less than 100 
nm is a nanostructured material. The magnetic and nuclear behaviors of nanoparticulate 
material generally change with the change of average particle size in that material. 
Apparently, the corresponding properties of bulk and nanoparticulate materials differ as 
the particle size changes from bulk to nanoscale and also the percentage of atoms at the 
surface of a material becomes significant.  A few similar properties can be observed in 
both of a bulk and a nanoparticulate material. For example, in our studied samples 
ferrimagnetism exists both in bulk and nanostructured ZnFe2O4. With the change of 
particle sizes in the individual material, the intensity of ferrimagnetism varies from bulk 
to nanostructured and one nanostructured to another nanostructured ZnFe2O4. As a 
result, the perfect size of nanostructured material can be chosen for a particular task. 
Sometimes, a few unusual and unexpected properties may be observed in the 
nanoparticulate sample; nonetheless, those properties are insignificant because the 
surface of a nanoparticulate material dominates the features instead of those properties 
of bulk material. 
 Numerous Ferrites Studied 2.2
In the present work, investigation of nanoparticle ZnFe2O4 and MgFe2O4 samples was 
accomplished primarily by neutron scattering. We intended to understand the 
transformation of magnetic order and development of magnetic structure precisely. 
Nanoparticle ZnFe2O4 has an excellent mixed ferromagnetic-antiferromagnetic 
character that is tuneable, and the ferromagnetic character goes to very high 
temperature. Since the character is intimately tied to the crystal size, i.e., inversion 
relationship, and bulk ZnFe2O4 is basically ‘non-inverted,’ we can separate the structural 
and magnetic properties by comparing it with an inverted ferrite. MgFe2O4 is perfect for 
this purpose because just like Zn, Mg is also non-magnetic. 
While investigating the physical and magnetic properties of ZnFe2O4 and 
MgFe2O4 samples, we have concentrated on the size of nanoparticulate samples, four of 
each composition; produced by ball milling the bulk samples for different milling times. 
Certainly, while milling the samples, inversion occurs in different ion sites and develops 
different magnetic orders with corresponding properties in different samples. Though, 
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we did not measure the inversion parameter, c, of the individual sample in this work. 
The parameter (c) for different nanoparticulate ZnFe2O4 samples are taken from 
Hofmann et al. [25] as he studied ‘The magnetic behaviour of nanostructured zinc 
ferrite’ of the same sizes as this current work. He measured the values of c precisely.  
We have concentrated on the variation of magnetic properties of nanostructured 
ZnFe2O4 and MgFe2O4 samples as a function of particle size, Φ. In few investigations 
we have discussed the properties as a function of c to conduct the corresponding 
calculations in neutron diffuse scattering section. Moreover, it is important to study the 
presence of core and shell in investigated ZnFe2O4 samples for our future small-angle 
neutron-scattering investigation, which will be the final part of this project. 
Accordingly, we have concentrate on magnetic order and properties investigations as a 
function of particle size of the samples. 
We have studied a series of nanostructured ZnFe2O4 and MgFe2O4 samples (Φ ~ 
90 nm, Φ ~ 21 nm, Φ ~ 15 nm and Φ ~ 9 nm) by neutron diffuse scattering, over the 
temperature range from 1.5 K to 295 K. This is the very first systematic research, in the 
field of neutron scattering with polarization analysis, in which we observe 
antiferromagnetic long-range order, ferrimagnetic long-range order, and 
antiferromagnetic short-range order (by neutron diffuse scattering) in the same spinel 
ferrite. We will observe the magnetic phase transformation of the samples from 
antiferromagnetic order (which should appear at low temperature) to ferrimagnetic order 
(which accompanies inversion change). The strength of magnetism will also be 
observed with the variation of ball-milling time, as the particle size decreases, and the 
chemical mixing of ions on the (A) and [B] sites (inversion) of both materials increases  
consequently. We also investigate the correlation of magnetism with blocking 
temperature, Tb, and the trends of the transformation of magnetic order with the 
variation of chosen sequential conditions of the experimental instruments. 
2.2.1 Studied Compositions for the Project 
(a) Normal Spinel - ZnFe2O4  
ZnFe2O4 is a spinel compound with normal spinel ferrite structure, with the 
general site-descriptive formula (Zn1-cFec)[ZncFe2-c]O4 (where c = 0). Its mineral name 
is franklinite [56] and it is a face-centred-cubic material with lattice parameter a = 8.456 
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Å (JCPDS PDF card no. 22-1012). We are interested in a series of nanoparticle 
ZnFe2O4 samples, prepared previously, to study the transformation of magnetic order 
and magnetic structure with the variation of inversion parameter, c.  
In the normal spinel structure of ZnFe2O4, there are eight (A) sites (red circles) 
and sixteen [B] sites (green circles). In normal ZnFe2O4, (A) and [B] sites are occupied 
by Zn
2+
 and Fe
3+
 ions, respectively. The [B] sites of this structure have a particular 
atomic arrangement. The [B] cations are located at the corners of the tetrahedron which 
is considered as a single molecule, and each corner is shared by two tetrahedral [40]. 
The normal spinel structure of ZnFe2O4 is shown in Figure 2-3. 
There is an interrelation among three degrees of freedom in a spinel structure, i.e., 
the lattice parameter, a, oxygen parameter, u, and the cations’ inversion parameter, c 
[57]. The oxygen parameter for ZnFe2O4 is u = 3/8 = 0.375 [28]. 
 
Figure 2-3: The unit cell of spinel ZnFe2O4. In this figure (A) sites are shown by the red circles, [B] sites 
by the green circles, and oxygen atoms by the blue circles [40].  
The redistribution of Fe
3+
 onto (A) sites and Zn
2+
 onto [B] sites leads to the 
formation of two (A) and [B] magnetic sublattices, which is also responsible for 
enhancing the magnetization compared with normal ZnFe2O4
 
and this is acceptable for 
mechanically activated ZnFe2O4. Because of the inversion, some exciting changes in its 
magnetic properties happen along with evolution in its structural features. Among them, 
high coercivity, large magnetic anisotropy, a shift in saturation magnetization, and high 
resistivity are the most interesting. 
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(b) Inverted Spinel - MgFe2O4  
Soft-magnetic MgFe2O4 is an n-type semiconducting material and follows the general 
formula (Mg1-cFec)[MgcFe2-c]O4. MgFe2O4 is a capable material for advancement in 
electronics, magnetic storage, ferrofluid technology, and many bioinspired applications 
[6, 7]. MgFe2O4 can be refined by many mechanical and chemical activation methods 
which give many exciting features. These prospects made the face-centred-cubic 
MgFe2O4 (magnesium ferrite) more interesting to study. We aimed to study the 
magnetic order of MgFe2O4 by magnetometry at the nanoscale to get a clear view of its 
magnetic structure [58, 59]. 
Bulk MgFe2O4 is a ferromagnetic ternary oxide with cell parameter a = 8.4012 
Å, according to the JCPDS PDF card number 88-1943 [60]. Its mineral name is 
magnesioferrite [18]. The mechanical and chemical properties depend on its cation 
distribution which is a complex function of processing parameters [16, 61-63].  
In partially inverted spinel MgFe2O4, Mg
2+
 is a non-magnetic ion. So this ion 
has no contribution to the net magnetism of MgFe2O4. The net magnetism of MgFe2O4 
is due to the uncompensated spins of Fe
2+
 and Fe
3+
 ions distributed across the (A) and 
[B] sites [64]. During mechanical activation, a fraction of the non-magnetic Mg
2+
 ions 
on the (A) site is replaced by magnetic Fe
3+
 from the [B] site, which strengthens the A-
B superexchange interaction. The presence of uncompensated electro-spins of the 
individual magnetic ions and anti-parallel spin alignment, on the (A) and [B] sublattices 
of the spinel structure, give rise to the net magnetism in spinel ferrite [65]. 
2.2.2 Facts about Nanostructured ZnFe2O4 and MgFe2O4 
Chemically, Zn and Mg are similar, i.e., non-magnetic metals. The ionic sizes of both of 
them are the same, and the only standard oxidation state is +2. Both ZnFe2O4 and 
MgFe2O4 are spinel ferrite and belong to the same space group Fd3m. The difference is 
that ZnFe2O4 is a normal spinel and MgFe2O4 is a mixed spinel. Both of these ferrites 
exhibit the same general formula (M1-cFec)[McFe2-c]O4 where divalent metal ions Zn
2+
 
and Mg
2+ 
replace M in this formula and c represents the degree of inversion. Interesting 
structural and magnetic behaviors [20, 66-68] develop by introducing activation energy 
in nanoparticulate ZnFe2O4 and nanoparticulate MgFe2O4, via the distribution of cations 
on the (A) and [B] sites. 
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Temperature- and field-dependent magnetic properties and structure of 
nanoparticulate ZnFe2O4 and nanoparticulate MgFe2O4 samples are different. Our 
ZnFe2O4 and MgFe2O4 series, each consisting of four samples of different particulate-
size varied between Φ ~ 90 nm and Φ ~ 9 nm, were investigated over the same 
temperature range in this research, so that the magnetic behaviors can be compared 
consistently [69-73]. Regarding interaction, nanostructured ZnFe2O4 and MgFe2O4 
materials follow the formula Fe
3+
(A)-O2–Fe
3+
[B] because of cationic re-distribution in 
samples.  
 Synthesis Routes of Nanostructured Spinel Ferrite 2.3
Mechanical and chemical properties of nanostructured spinel are abruptly changed by 
the synthesis routes. Different preparation methods are used by different researchers to 
prepare bulk and nanostructured ferrites. Among them the most followed are the sol-gel 
method [74-78], coprecipitation method [79, 80], hydrothermal reaction [81, 82], 
microwave processing [83, 84], combustion synthesis [85], microemulsion procedures 
[86, 87] and sonochemical synthesis [88]. Besides all of these methods, there is another 
technique, named nonconventional mechanochemical route [89] which is a powerful 
and convenient method for preparing nanostructured spinel ferrite of good quality.  
The developments of processing and synthesis techniques of spinel ferrites 
contributed a lot to the investigation of ZnFe2O4. The study of the magnetic behavior of 
nanostructured ZnFe2O4 by Hoffmann et al. [25] has revealed the importance of 
mechanical treatment in exploring ZnFe2O4. In their work, it was shown that the degree 
of inversion could be controlled by mechanical milling of targeted ferrite, while 
reducing the mean particle size down to the order of 10 nm. Furthermore, by changing 
the compositional chemical [90] and reactive behavior [91], in mechanical processing, 
we can obtain different information regarding structural and magnetic properties of 
nanostructured ZnFe2O4 [69-73]. Mechanical processing of nanostructured ZnFe2O4 can 
be done either by milling the polycrystalline ZnFe2O4 or by mechanochemical 
synthesizing of ZnFe2O4 
The mechanochemical synthesis technique is used widely to synthesize various 
compounds. This method is a single-step method, which is done by high-energy ball-
milling and usually conducted at room temperature [92]. By single-step 
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mechanochemical synthesis, it is possible to prepare chemically pure nanostructured 
spinel ferrites, such as MnFe2O4 [93-95], ZnFe2O4 [23, 96, 97], and Mn-Zn ferrite [98, 
99].  
To understand the mechanical properties of any material, it requires 
understanding the feature of crystal structure and cation distribution over the interstitial 
sites. Different techniques can be used to reveal the cation distribution and other 
relevant structural properties. Previous transmission electron microscopy or atomic-
force microscopy revealed only structural features projected down one axis or onto a 
surface [100]. The superexchange interaction due to metal cations at (A) and [B] sites 
and their distribution over these two interstitial sites give rise to the magnetic properties 
of this material, as the FeA
3+
- FeB
3+ 
interaction is much stronger than the MgA
2+
- FeB
3+
 
[101, 102]. The variation of lattice constants, size of the crystallites, and bond angles 
and bond lengths among the cations, affect the distribution of cations over the two 
interstitial sites [38]. These parameters even depend on synthesis method and annealing 
temperature. Distribution of cations between the two interstitial sites and the 
rearrangement of these cations between the two sites due to mechanical and chemical 
activation make it complicated to get a distinct visualization of its mechanical and 
chemical properties. 
To understand the physical properties, we need to understand the crystal 
structure and the distribution of cations over the interstitial sites. The X-ray diffraction 
method enables such detailed information along with the cation distribution on different 
ionic sites over an average atomic volume [103]. 
Nonetheless, in some cases, sintering may be required before the milling. This 
type of synthesis routes follows two steps mechanochemical synthesis to form spinel 
ferrite. Šepelák et al. investigated the nanosized MgFe2O4 in 2006 [19], which was 
prepared by single-step mechanosynthesis for the first time. Before that, single-step 
mechanosynthesis process was used to prepare nanosized MgFe2O4 from raw powder 
materials, by using a ball mill in which only partial conversion takes place [104, 105]. 
This partial conversion is due to the mechanical reaction caused by impact energy, 
which depends on the mass of the balls of a ball-milling machine.  
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Neutron diffraction and Mössbauer spectroscopy of nanocrystalline MgFe2O4 was 
observed by Šepelák et al. [106], prepared by mechanosynthesis.  He observed the 
complete transformation of the milled products into n-MgFe2O4, which occurred by 
milling approximately for 8 h, even though the average particle size had already 
decreased to (~) < 10 nm after grinding for 2 h. A core/shell model was established in 
nanocrystalline MgFe2O4, which was described by the Mössbauer transmission spectra 
by two components, including nanoparticles of core and shell dimensions of ~ 7 nm and 
~ 0.7 nm, respectively. 
 Fundamental Particle ‘Neutron’ 2.4
The goal of our project requires the neutron diffuse scattering of concerned samples. 
The conventional properties and behavior of the neutron make it highly suitable to 
utilize it as a research tool to understand the magnetic structure of spinel ferrites.  
2.4.1 General Facts of the Neutron 
In an atom, besides the proton, there is another subatomic particle that exists in a 
nucleus and accounts for half of the atomic weight per volume. This small subatomic 
particle which is considered as charge neutral is known as a neutron. Protons and 
neutrons are bound by the strong nuclear force to form the nucleus.  
In 1932, the neutron was first discovered while James Chadwick used scattering 
data to calculate the weight of neutral particle in atoms. An atom contains an equal 
number of protons and electrons. As an electron and a proton have the same amount of 
charge with opposite spins, an electron and a proton cancel each other’s charge. The 
fusion turns a proton into a chargeless neutron.  
Figure 2-4 shows the properties of a neutron. A neutron has a spin ½ along with 
a weight of 1.675x10
-27
 kg. It possesses both particle-like and wave-like properties. In a 
stable isotope, there is an equal number of protons and electrons. When somehow this 
balance is interrupted it becomes an unstable isotope. Accordingly, the nuclear force 
between proton and neutron in a nucleus also becomes weak. As a result, neutrons are 
emitted from that atom. From an unstable isotope, the emission of a neutron transforms 
into nuclear radiation called beta decay along with nuclear energy which has the ability 
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of penetration. The lifetime of a neutron, outside an atom, is around 15 minutes. Table 
2-2 summarizes the properties of neutron with corresponding magnitudes. 
 
Figure 2-4: Universal physical properties of the neutron. 
 
Properties Magnitude 
Mass, mn 1.67 x 10
-27
 kg 
Charge, e 0 C 
Spin, S 1/2 
Magnetic dipole moment, μN 0.94 x 10
9
 erg/Gs 
Nuclear magneton, mN (mN = eh/4pmp) 5.051 x 10
-27
JK
-1 
Gyromagnetic ratio, γn (μn = γnσn) -1.832 x 10
4
s
-1
/Gs 
g-factor, gn (μn = -gn.μnSn) 3.826 
Life time 882 sec 
Table 2-2: The unique information about the neutron. 
Neutron 
Weight, m = 
1.675x10-27 
Kg 
Electron 
Charge, e = 
 -1.602x10-19 
C 
Spin, s = ½ 
Charge, e = 0 
Proton 
Charge, e = 
1.602x10-19 C  
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As a neutron is chargeless, it is difficult to detect, but it can interact with a 
nucleus (as neutron is a heavy particle). Because of this unique characteristic, neutron 
scattering is used to understand the properties of materials on the atomic scale. 
2.4.2 Neutron Scattering for Magnetic Structure Study 
The chargeless neutron has a magnetic moment, μN = 0.94 x 10
9
 erg/Gs. The moment of 
a neutron is 1000 times smaller than the magnetic moment of an electron (1 μB = 9.27x 
10
-24
 Am
2
). As a result, neutrons are scattered elastically by the magnetic moments of 
atoms, i. e. the unpaired spins of the electrons, in a sample, via the dipole-dipole 
interaction. Neutron scattering is used widely to separate the magnetic and nuclear 
scattering cross-section. Accordingly, the spin of the scattered neutrons needs to be 
analysed. Neutron diffraction investigation was done to study the u parameter of ZnS 
and ZnO by Kisi and Elcombe [107] and also for the structure and phase transition 
investigation of lead zinc niobate by Forrester et al. [108].  
The neutron diffraction pattern of any material reflects the crystallographic and 
magnetic order of that material. At the same time, there might have some missing 
information between nuclear and magnetic Bragg peaks in the neutron diffraction 
patterns of crystalline materials. This neglected part is capable of providing valuable 
detail on the degree of disorder or the degree of deviation from perfect long-range order 
[41]. Sometimes diffuse scattering is observed in neutron diffraction patterns as a broad 
hump beneath the sharp Bragg reflections. Neutron diffuse may occur in the presence of 
nuclear isotopes, nuclear spin-incoherent scattering, random or partially ordered solid-
solution materials, interstitial defects, vacancies, and internal strain [42]. Disorder 
moments or magnetic defects, in the case of magnetic material, may also cause this 
diffuse scattering. This diffuse scattering is capable of giving essential facts regarding 
structural, electric and magnetic properties of materials at the atomic level [25].  
In neutron-scattering experiments, there are two types of scattering: 
i) Elastic scattering; and 
ii) Inelastic scattering. 
When a neutron beam passes through a sample, it may or may not change its 
direction. If the neutron beam changes its direction, after colliding with atoms in the 
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sample, then the scattering is called elastic scattering. A detector in a neutron 
spectrometer records the intensity of the neutrons scattered as a function of angle away 
from the incident beam, and a diffraction pattern can be obtained from that recorded 
data. From this diffraction pattern, the position of atoms can be revealed. On the other 
hand, when neutrons penetrate the sample, they may cancel the oscillations in the atoms 
of that sample. Consequently, the neutrons create photons or magnons, and then they 
lose the energy which they absorb from the neutron beam. The possible change in 
energy of neutrons is selected by the analyzer, and then neutrons are counted in the 
detector. The intensity pattern obtained from this record is known as inelastic scattering.  
Elastic and inelastic scatterings are used to study the magnitude of the orientation of 
magnetic moments of any material. 
2.4.3 Motivation for Polarized Neutron Scattering  
Diffuse scattering pursues essential facts regarding structural, electric, and magnetic 
properties of materials at the atomic level which is due to the presence of nuclear 
isotopes, nuclear spin-incoherent scattering, random or partially ordered solid solution 
of materials, interstitial defects, vacancies, and internal strain. Because the origin of 
diffuse scattering, whether by the effects just listed or by the thermal excitations 
(vibrations), is generally a minor perturbation on the rigid ordered arrangement of 
atoms, it is generally much weaker than the diffraction pattern.  
Diffuse scattering is often a neglected part because of its weak appearance. 
Therefore, in a multi-detector spectrometer, the polarized neutron is well capable of 
separating nuclear and magnetic cross sections unambiguously to study the diffuse 
scattering for single crystal or powder samples appropriately [109], to probe the local 
ordering in a crystal, as exemplified by Goossens et al. in 2011 [110]. 
It becomes difficult to separate the nuclear and magnetic scattering signals in a 
neutron scattering when the propagation vector is an integer, and the information 
regarding the structures of an investigated sample, provided by neutron scattering, and 
may remain incomplete and insufficient. The use of neutron scattering with polarisation 
analysis makes it possible to separate the nuclear and magnetic cross section 
unambiguously, and consequently, the information about the atomic structure of a 
sample is much more edifying. 
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Figure 2-5: Experimental arrangement of a polarized-neutron triple-axis spectrometer discussed by Moon 
et al. [111]. Arrows in the guide field show the direction of the magnetic field sensed by the neutron.  
A new dimension to measurements of thermal-neutron scattering by constructing 
a triple-axis spectrometer with polarization sensitive crystals on both the first and third 
axes was added by Moon et al. in 1969 [111]. The experimental arrangement of the 
triple-axis spectrometer, developed by Moon et al., is presented in Figure 2-5.  
The triple-axis spectrometer as shown in Figure 2-5, enabled measurement of 
the distribution of scattered neutrons for an incident monochromatic polarized beam as a 
function of angle, energy, and spin. The cross-sectional scattering, from an initial state 
of specified momentum and spin to a final state of specified momentum and spin, was 
measured.  
The actual value of this innovation was the unambiguous separation of nuclear 
and magnetic scattering. In this instrument, the sample is mounted in the gap of an 
electromagnet located on the table of the second axis. Because of the horizontal rotation 
axis of this electromagnet, the field can be changed quickly from vertical to horizontal. 
Two guide fields (denoted by 2 and 3 in the instrumental arrangement) can be rotated to 
bring the neutron beams into the orientation field. The working procedure of this 
instrument is summarized in Table 2-3. 
Monochromators 
Monochromatic beam of neutron 
Polarizer (efficiency P) 
Sample 
Analyzer (efficiency 
Flipper (efficiency F1) 
Guide 
Fields 
Guide Fields 
Flipper (effiiency F2) 
Electromagnet 
1 
3 
2 
2θ 
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Beam Different Sections 
of Spectrometer 
Through which 
the Neutron Beam 
Passes  
Relevant Purpose 
Neutron beam Monochromators Produce monochromatic beam 
Monochromatic beam Polarizer Produce polarized neutron beam 
Polarized neutron beam Flipper F1 Reverse or preserve neutron polarization 
Polarized neutron beam Sample Scattering may change polarization 
Scattered neutron beam Flipper F2 Reverse or preserve neutron polarization 
Scattered neutron beam Analyzer Measure the scattered intensity of the 
detector 
Table 2-3: The operational technique of a polarized-neutron triple-axis spectrometer. 
Neutron diffuse scattering with polarization analysis is often effectively used to 
probe the fundamental interrelations leading to the magnetism of composite materials, 
and the theory was developed by Halpern and co-workers in the 1940s [43-45]. This 
analysis method is capable of separating the magnetic contribution from the nuclear 
contribution in scattering patterns by different selection rules for spin-flip (SF) and non-
spin-flip (NSF) scattering methods. Depending on the triple-axis spectrometer, 
developed by Moon et al., a conventional geometry for polarized neutron diffraction at 
a given scattering angle can be related to the  geometry presented in Figure 2-6 [112], 
though the geometrical configurations are different.  
According to this geometrical representation of polarized neutron diffraction, 
there are two flippers, F1 and F2, located before and after the sample position on the 
spectrometer. If we consider that a flipper on is specified by the (+) sign and a flipper 
off by the (-) sign, then the nuclear and magnetic scattering will be obtained by the 
following combinations of flippers F1 and F2 (Table 2-4): 
Scattering Combination of Flippers 
F1 and F2 
Combination of Spins 
Detected 
Nuclear scattering Both flippers either on or off + +      or     - - 
Magnetic scattering One flipper on, another off + -     or     - + 
Table 2-4: Conditions of flipper combinations in a polarized neutron spectrometer and subsequent 
combinations of spin directions for nuclear and magnetic scattering cross-sections. 
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Figure 2-6: Geometry convention for (A) polarized neutron diffraction, (B) polarized neutron diffraction 
with non-spin-flip arrangement, and (C) polarized neutron diffraction with spin-flip arrangement [112]. 
In Figure 2-6, a transmission polarizer is used to obtain a polarized 
monochromatic neutron in particular spin (-). Flipper F1 is used to flip the polarized 
beam with opposite spin (+). Finally, the beam scattered from the sample is again 
rotated by the flipper F2 and the spin of the final beam received by the detector is 
decided by the combination of flipper off (-) and flipper on (+) combinations. Table 2-4 
shows the spin combinations for the combinations of the states of flippers F1 and F2. It 
is found that four spin combinations are possible according to the flipper-state 
combinations: (off, off), (on, on), (off, on) and (on, off) by alternately turning on and off 
the flippers F1 and F2.  By proper utilization of polarizers and the spin combinations of 
the flippers, intensities of different scattering will be in one-to-one correspondence to 
the spin-dependent cross-section σ. Accordingly, I (off, off) → σ (--); I (on, on) → σ 
(++); I (off, on) → σ (-+) and I (on, off) → σ (+-). According to this technique, it is 
possible to measure all channels of a scattering cross-section. 
Here in this investigation, we have used two neutron scattering instruments. One 
is a multi-detector neutron spectrometer, and another one is a small-angle neutron 
scattering instrument. These devices are identified as D7 and D33 at the Institut Laue-
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Langevin, Grenoble, France. Discussion on these two instruments will be presented 
later in the instrumentation section of Chapter 3.   
 Literature Review 2.5
The magnetic properties of nanoparticulate materials mainly occur due to the existence 
of non-zero magnetic moment orientation. Ferrites of the form AB2O4 involving Fe are 
known to possess complex magnetic order due to competing magnetic exchange 
interactions across the divalent (A) sites and trivalent [B] sites. Early research in Fe3O4 
(magnetite) revealed the ferromagnetic intra-site exchange coupling on both (A) and [B] 
sites and antiferromagnetic inter-site (A-B) exchange coupling, leading to a net 
ferrimagnetism [41]. Substitution of non-magnetic elements on either site dilutes the 
magnetic exchange with several possible consequences, depending on the site 
substituted. For example, in ZnFe2O4 (a non-inverted ferrite) the Zn
2+
 ions mainly reside 
on the (A) site, resulting in antiferromagnetic order on the [B] sited Fe
3+
 ions [40]. 
Whereas in MgFe2O4 (an inverted ferrite), Mg
2+
 ions mainly reside on the [B] site and 
ferrimagnetic preference occurs, reminiscent of Fe3O4 [19].  
The magnetic properties of ZnFe2O4 are complicated due to the complex nature 
of the chemical order in such a way that the secondary magnetic responses are often 
seen (such as short-range magnetic order and metamagnetic response). The resultant 
magnetic phenomena appear as superparamagnetism. The magnetic properties become 
even more complicated when ferrites are milled into nanoparticulate form. The complex 
magnetic behavior arises due to two reasons; one is the promotion of crystallographic 
inversion (further mixing of the (A) and [B] sites elements) by the milling process, and 
another is the formation of a shell of highly defective material around the core of the 
nanoparticle [19, 113].  
According to Goldman, MgFe2O4 is a ferrimagnetic-type powder and contains 
brown pigments. Amongst other interesting facts, MgFe2O4 exhibits humidity 
sensitivity, oxygen sensitivity, and photoelectrical properties [36]. Because of the 
magnetic interaction across the (A) and [B] sites, the structural and electrical properties 
of MgFe2O4 show unique and exciting behaviors. These unusual behaviors are further 
extended when mechanical activation is introduced, and temperature also plays a 
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fascinating role in bringing modification in the structural and magnetic response of 
MgFe2O4.  
It was mentioned previously that the substitution of non-magnetic elements onto 
either site dilutes the magnetic exchange with several possible consequences, depending 
on site preferences. Bulk MgFe2O4 is an inverted ferrite where the [B] site is occupied 
by Mg
2+
 ions, and then it acts as a collinear ferrimagnet whose degree of inversion 
depends on its thermal history [19]. Mechanical activation introduces relocation of ions 
on the (A) and [B] sites and as well as crystallographic inversion [25], which causes 
crystal defects in samples and creates the possibility of a core/shell type structure [19, 
26]. Due to mechanical activation, non-magnetic Mg
2+
 ions distribute all across the (A) 
and [B] sites and consequently its magnetic order changes. 
The preparation method of spinel ferrites influences the cation distributions, as 
well as the physical and chemical characteristics [16]. Various methods have been used 
to prepare spinel ferrites depending on shape, size, and material state needed for a 
particular investigation. Some of the methods are sol-gel method [114], high-energy 
milling [93, 94, 115-118], combustion synthesis [119, 120], hydrothermal reaction [121, 
122], and a co-precipitation method [123]. Beyond these preparation methods, 
mechanochemical route [124-126] has been chosen to prepare nanocrystalline ZnFe2O4.  
According to distinguished scientists, the cation distributions in mechano-
synthesized nanocrystalline ferrites are different from those prepared by the 
conventional ceramic method [23, 89, 96, 127-129]. It was found that the magnetization 
of a nanoscaled particle is unusually large compared to that of bulk particle and 
unalloyed, when prepared by the mechanosynthesis route. Depending on milling time, 
the distribution of cations on the (A) and [B] sites introduces inversion in spinel ferrite. 
Because of ball milling, the cation distribution in both ion sites changes in such a way 
so that (A) site will be occupied by a relatively large fraction of Fe
3+
 ions. At the same 
time, the formation of magnetic clusters with the nearest Fe
3+
 on the [B] site neighbors 
through coupling by (A)-[B] interaction makes a difference in the magnetization of the 
same spinel ferrite prepared by different methods [130]. A difference in cation 
distribution for applying different preparation methods is found in the case of CoFe2O4. 
It was found that wet-prepared CoFe2O4 has a higher degree of inversion than that 
prepared by the ceramic method [131]. In case of the nanoparticle of MnFe2O4, more 
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inversion occurs in a sample made by the wet method, than that annealed at high 
temperatures [132].  
Previously, a few researchers and scientists have analyzed MgFe2O4 and 
observed its crystallographic and magnetic behavior. Sankaramahalingam and Lawrence 
[20], and Chen and Zhang [17] studied the size-dependent superparamagnetism of 
MgFe2O4. Ŝapelák et al. in 2006 examined the magnetization of nanosized MgFe2O4, 
prepared by high-energy ball-milling [19]. In 1998 Moustafa and Morsi, studied 
nanosized MgFe2O4 formed by conventional ball-milling which led only to the partial 
conversion of the sample [104].  
Pure ZnFe2O4 is a frustrated magnet. But most ZnFe2O4 samples behave as 
antiferromagnetic material because of defects introduces by mechanical treatments [25] 
and to avoid topological frustration [69]. The spinel crystal structure is the most well-
known example of uncompensated antiferromagnetism. As an essential technological 
material with many critical applications, ZnFe2O4 has continued its interest among 
researchers, and the center of attention has focused on its structural and magnetic 
properties.  ZnFe2O4 is an antiferromagnet with a very complicated magnetic structure. 
The magnetic structure of this material in polycrystalline form has been examined 
previously by many renowned researchers, and many interesting facts have come out of 
their works. For these studies, nanocrystalline ZnFe2O4 can be prepared by co-
precipitation method [133], the critical sol-gel or aerogel method [134, 135], the 
hydrothermal process [136], modified wet-milling process [137], or by the new co-
precipitation method [138]. 
The structural disorder of ZnFe2O4 was also produced by conventional solid-
state method followed by the mechanochemical route in a planetary ball mill. A few 
works have investigated nanostructured ZnFe2O4, prepared by the mechanochemical 
route [70, 89, 91, 134, 139-141], in which the magnetic component is isolated from the 
nuclear part because of inversion between Zn
2+
 and Fe
2+
cations on the (A) site and Fe
3+
 
cations on the [B] site inside the cubic-closed-packed sublattice. This feature stimulates 
the present interest in this material.     
The structural and magnetic properties of ZnFe2O4 have been investigated by 
many scientists using various techniques, including magnetization, [73, 136, 138, 142-
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145], X-ray photoelectron [91], extended X-ray absorption fine structure [142, 146], 
Faraday effect [136], specific heat [135, 142], Mössbauer spectroscopy [69, 72, 73, 135, 
138, 143, 145, 147-149], neutron scattering [147, 150-152] etc.  
Previously the magnetic unit cell of ZnFe2O4 was described as doubled in one 
direction relative to the structural unit cell [42] as shown in Figure 2-3. Ferrimagnetic 
long-range order was discussed by Shull et al. in 1951 [41] for magnetite (Fe3O4). For 
inverse spinels, this type of magnetic order may also be observed. Temperature-
dependent magnetic ordering was discussed previously by Kamazawa et al. [40] and 
Ehrhardt et al. [152], where it was revealed that ZnFe2O4 is not purely 
antiferromagnetic, i.e., it possesses some ferromagnetic and antiferromagnetic order and 
some strong magnetic interactions. This phenomenon was clarified by Kamazawa et al., 
who concluded that the presence of superlattice peaks associated with the long-range 
antiferromagnetic order (in particular the pronounced (10
1
2
) peak observed in many 
neutron-diffraction studies of ZnFe2O4), characterizes the intrinsic behavior of ZnFe2O4. 
In nanostructured ZnFe2O4, the magnetic properties become more complicated due to 
the mixing of Zn and Fe over the (A) and [B] sites. Isfahni et al. in 2009 [149] 
investigated the magnetic properties of nanostructured mixed MnZn ferrite.  
The long-range magnetic ordering was observed by Stewart et al. [153] in their 
study of magnetic ZnFe2O4. In this investigation, the samples have been characterized 
by X-ray absorption spectroscopy (XAS) and X-ray magnetic circular dichroism 
(XMCD). These experiments have shown consistency with the high degree of inversion, 
which modifies the long-range magnetic ordering and creates magnetic disorder. 
Magnetic disorder and short-range magnetic order are difficult to probe experimentally 
by a conventional method. The presence of these various magnetic orders can however 
be seen by neutron diffuse scattering although the experiments are complex. Complete 
separation of the atomic and magnetic disorder is possible with polarization analysis of 
the diffuse scattering.  
Several authors explained that the overall magnetic behavior could be well 
accounted by an exchange interaction of the type Fe
3+
(A)-O
2-
-Fe
3+
[B] occurring as a 
result of cationic redistribution in nanoscale ZnFe2O4 [69, 71, 142, 147, 154]. That 
magnetic ordering of nanostructured ZnFe2O4 depends on the size of the nanoparticles 
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and their fluctuations (inversion across the (A) and [B] sites), was revealed by Fei et al. 
[26] by neutron diffuse scattering. In 2005 Fei et al. observed that even at 1% inversion 
antiferromagnetic long-range order becomes weak. At the same time, diffuse peaks 
existed, but the unique observation was the existence of ferrimagnetism even at 1% 
inversion, which was not observed in earlier neutron diffuse scattering investigations.  
Nanostructured ZnFe2O4 was discussed by Hofmann et al. in 2004 [25], who 
observed that the antiferromagnetism of ZnFe2O4 depends on particulate size and that 
the antiferromagnetic long-range order disappeared at 10% inversion along with some 
antiferromagnetic short-range order. The magnetic phase diagram proposed for 
nanostructured ZnFe2O4 included some contribution from the cluster glass system. In 
the magnetic phase diagram of this study, an incomplete but a significant trend for 
ferrimagnetic order was found. This research revealed that the magnetic properties 
gradually changed as bulk ZnFe2O4 transformed into nanoparticulate ZnFe2O4. The 
magnetic phase diagram, presented by Hofmann et al., has stimulated the present study. 
In the present work, we investigate nanostructured ZnFe2O4 by neutron scattering 
along with modelling the magnetic order with respect to the critical magnetic behavior. 
We have studied a series of nanostructured ZnFe2O4 samples with mean particle sizes of 
the Φ ~ 9 nm, Φ ~ 15 nm, Φ ~ 21 nm, and Φ ~ 90 nm by neutron diffuse scattering over 
the temperature range from 1.5 K to 295K. Here we will study three magnetic behaviors 
as a function of inversion and temperature: 
(i) Antiferromagnetic long-range order 
(ii) Ferrimagnetic long-range order 
(iii) Antiferromagnetic short-range order (diffuse scattering) 
The strength of magnetism will also be observed with the mechanical activation 
as the particle size decreases due to chemical mixing of Zn and Fe (inversion). Also, we 
will investigate the correlation of magnetism with the Curie temperature, TC, and the 
trends in different magnetic orders. From previous experiments, it was found that 
ZnFe2O4 is antiferromagnetic with a Néel temperature of about 10 K [33, 69, 142, 147, 
154, 155]. Our neutron diffuse scattering results indicate this is still approximately 10 K 
for crystallite sizes of Φ ~ 9 nm to Φ ~ 90 nm ZnFe2O4 samples.  
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 Background for Investigating the Magnetic 2.6
Structure of ZnFe2O4 
Earlier studies on ZnFe2O4 and its different compositions led us to study further the 
magnetic properties and structure of the bulk and nanoparticulate ZnFe2O4. It is one of 
the most studied spinel ferrites. Numerous investigation pathways and techniques were 
followed to develop the magnetic structure of this composition. Some of the previous 
investigations are briefly discussed here in more detail to correlate with our work.    
2.6.1 Polarized Neutron Diffraction (PND) by a Single Crystal 
Neutron diffraction is an experimental method to investigate the atomic or 
magnetic structure of a substance and is very similar to X-ray diffraction. Both of the 
techniques give information regarding the structure of the substance. The dissimilarity 
is that a high intense neutron beam is used in neutron diffraction instead of typically 
CuKα or MoKα radiation, as used in X-ray diffraction. The X-ray diffraction approach 
offers the structural information of any thin substance, whereas the neutron diffraction 
method is capable of penetrating a bulk sample to give structural and magnetic data. 
Polarized neutron diffraction is a delicate method where the neutron beam is polarized 
by a device (Heusler monochromators, supermirrors, 3He spin filter) that favours one 
spin state and manipulated by flippers of a neutron diffractometer from which the 
nuclear and magnetic components of scattering can be separated unambiguously.  
Kamazawa et al. in 2003 [40] investigated single-crystalline ZnFe2O4 by 
polarized neutron diffraction. From this research, the elastic scattering counter map of 
single crystal ZnFe2O4 was observed in the (HK0) and (HHL) zones, at 1.5 K and 15 K, 
as shown in Figure 2-7.  
33 
 
 
Figure 2-7: Contour maps of diffuse magnetic scattering on the (a) (HK0) and (b) (HHL) zones at 1.5 K 
and 15 K for ZnFe2O4 [40]. 
In Figure 2-7, the solid line specifies the Brillouin zone boundary. The line 
width of Brillouin zones is temperature-dependent. From this research, Kamazawa et al. 
observed that at 1.5 K (below the Néel temperature, TN) the antiferromagnetic peaks 
were at (3/4,3/4,0), (1,1/2,0), (1/4,1/4,1), etc. and a strong diffuse scattering occurred 
distributed along the first Brillouin zone. This diffuse magnetic scattering developed 
from the ferromagnetic coupling of the first neighbor Fe
3+
 spins. At 15 K, the peak 
shifted, and the antiferromagnetism became more diffuse and originated from the 
ferromagnetic coupling of the first-nearest neighbor on the [B] site, i.e., 
antiferromagnetic short-range order magnetism became weak. In the present work, the 
transformation of magnetic order of ZnFe2O4 of different particulate sizes varied from 
bulk to nanoparticulate size, with the variation of temperature, will be discussed.  
2.6.2 Magnetic Susceptibility 
Kamazawa et al. in 2003 [40] studied the magnetic susceptibility of ZnFe2O4 as well.  
The temperature-dependent magnetic susceptibility of ZnFe2O4 (inset) and its inverse 
susceptibility are shown Figure 2-8.  
At T = 1.5 K  At T = 15 K  
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Figure 2-8: Temperature-dependent inverse magnetic susceptibility, 1/χ, and the magnetic susceptibility, 
χ, (in inset) for ZnFe2O4 [40]. 
From the inset of Figure 2-8, the antiferromagnetic Néel temperature, TN, was 
found at 13 K. Therefore, ZnFe2O4 possessed an antiferromagnetic long-range order 
below TN (~ 13 K) which was supported by previous reports on spinel ferrites [69, 154]. 
From the inverse susceptibility in the high-temperature region, it was shown that the 
Curie temperature, TC, for ZnFe2O4 is 120 K. From this observation, it was exposed that 
ferromagnetic spin correlation was dominated by a high-temperature term. In the present 
research, we will study the transformation trend of different magnetic orders as a 
function of temperature as well as particle size. 
2.6.3  Magnetic Phase Diagram 
The magnetic structure of nanoparticle ZnFe2O4 was investigated by Hofmann et al. in 
2004 [25]. The magnetic phase diagram of nanostructured ZnFe2O4 produced by 
mechanical activation is shown in Figure 2-9. From this figure, it is observed that with 
decreasing mean particle size, antiferromagnetic long-range order, along with the 
diffuse scattering, decreased. Moreover, ferrimagnetism became stronger below Φ ~ 15 
nm (ferrimagnetic phase transition was not observed for larger samples). At 10% of 
inversion, when the particle size is approximately Φ ~ 18 nm, the antiferromagnetic 
long-range order disappeared. From the magnetic phase diagram, it was shown that the 
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magnetic behavior of ZnFe2O4 is similar to that of any spinel ferrite where the divalent 
ions on the (A) site are substituted by Fe
3+
 ions [156, 157]. 
 
Figure 2-9: Magnetic phase diagram of nanostructured ZnFe2O4 [25]. 
In our project, we intended to develop the magnetic phase diagram for 
ZnFe2O4, including the ferromagnetic region, as a function of particulate sizes ranged 
between Φ ~ 9 nm and Φ ~ 90 nm. 
 Conclusion 2.7
The fast-growing research interests in spinel ferrites are opening enormous prospects 
every day to utilize them more efficiently in different sectors of life. Ongoing continual 
research reveals further information about materials, at the same time introduces new 
research devices and techniques to make the investigations more sensible and reliable. 
Previously, researchers have already built up the foundation for spinel ferrite of this 
research field, which is modifying and improving day by day. We, the researchers of the 
present day, cherish those definitive research techniques and analysis approaches 
through our works. 
In this chapter, we discussed a synopsis of the necessary information regarding 
the fundamental theory of spinel ferrite including the ferrites of our interest. The 
compositional information of nanostructured ZnFe2O4 and MgFe2O4 was also briefly 
explored along with the reasons behind the research interest for these materials. Most 
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importantly, the background of this work, discussed here, presented the basic nature of 
our research aspects. Based on the established fundamental, methodological and 
experimental knowledge of spinel ferrites, we aim to investigate the magnetic structure 
of nanostructure ZnFe2O4. Comparing the magnetic order of nanostructured ZnFe2O4 
with MgFe2O4, the investigation becomes consistent and supplies new information. This 
study will suggest a new approach of research to study the transformation of magnetic 
behavior of spinel ferrites with the variation of particulate size along with the origin 
behind the transformation trend.    
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Chapter 3 
 
3 Research Techniques and Analysis 
Methods 
 
In this chapter, we cover the theoretical background, along with the research techniques 
and analysis methods for the investigation. This chapter consists of three sub-segments. 
The first sub-segment summarizes the background knowledge for analyzing our 
experimental data, studied by few researchers. The second sub-segment describes the 
preparation method and the history of the investigated samples. The third sub-segment 
gives a brief of the instruments used for the present investigation. 
 Research Techniques and Data-Analysis Methods 3.1
Various research techniques were mentioned in Chapter 2. For our project, we require 
some straightforward structural and magnetic characterization approaches, which will 
lead us to investigate the magnetic structure of ZnFe2O4 by neutron diffuse scattering. 
In this section, we will discuss the research techniques and data-analysis methods for 
both structural and magnetic investigations.  
3.1.1 Structural Characterization 
For structural characterization, we only need to confirm the proper formation of a 
sample, the phase to which the sample belongs, and the average particle size of that 
sample. These characterizations were achieved by X-ray diffraction and scanning 
electron microscope micrograph analysis of the investigated samples. 
3.1.1.1 X-Ray Diffraction (XRD) Analysis  
Structural investigation is fundamental for any experimental study of a material at the 
atomic scale. Willliam Bragg in 1915 [30] investigated the spinel structure for the first 
time shortly after the discovery of X-ray diffraction itself.  
The conventional way to investigating the structural properties of any ferrites is 
the X-ray diffraction (XRD) method. This method allows understanding the chemical 
elements present in any material. Moreover, this technique reveals the ion distribution 
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over interstitial sites in any crystal structure. According to Jacob and Khabar [38], the 
variation of lattice constants, size of crystalline, bond angles and bond lengths may 
affect the cation distribution of any substance. From this point of view, the XRD is 
more suitable than Transmission Electron Microscope (TEM) or Atomic Force 
Microscopy (AFM), because the last two only reveal structural features along one axis 
or on a surface.  
 
Figure 3-1: Bragg’s diffraction pattern. 
To investigate the crystal structure of any material by XRD, we need to 
understand the Bragg’s law describing diffraction as shown in Figure 3-1. For a set of 
parallel atomic planes of Miller indices (h k l), Bragg’s law can be represented as  
 2dhklsinθ = nλ  (where λ< 2d)  (3-1) 
Here the distance between two successive planes is dhkl, and λ is the wavelength of the 
X-ray beam. For a cubic lattice, dhkl can be measured by the equation  
 dhkl = 
a
(h2+k2+l2)
1
2
       (3-2) 
From equation (3-2), the lattice constant (or lattice parameter or cell parameter), a, can 
be calculated by the following equation 
 a =  dhkl(h
2 + k2 + l2)
1
2 (3-3) 
Therefore, Bragg’s law can be modified to calculate the lattice constant, a, as: 
 2asinθ =  nλ(h2 + k2 + l2)
1
2   (3-4) 
θ 
θ 
A 
B 
C dhkl 
θ Z 
X-ray 1 
X-ray 2 
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An XRD pattern allows the measurement of structural properties including the 
average particle size of any material. Scherrer [1] proposed the equation to determine 
the particle size from an XRD pattern written as below: 
 B = 
Kλ
LCosθ
 (3-5) 
where B is the full-width at half maximum (FWHM) of a specific Bragg peak in an 
XRD pattern, λ is the wavelength of the incident X-ray beam, L is the linear dimension 
of a particle, θ is the Bragg angle, and K is the numerical constant which is measured by 
Scherrer [1] as below: 
 K = 2 (ln
2
π
)
1
2 =  0.93    (3-6) 
            After proposing this unique equation, different workers [158-161] used 
different estimated methods for the same structural characterization. From the XRD 
pattern analysis, structural properties of any sample can be examined by using the 
corresponding JCPDS PDF card number [162] to measure the average particle size of 
that material. The Debye-Scherrer’s equation can be modified as below to estimate the 
mean particle size of any material from the resulting XRD pattern: 
 Φ = 
Kλ
βCosθ
 (3-7) 
Here K is a numerical constant, λ is the wavelength of the X-ray radiation in the X-ray 
diffractometer, β is the full-width at half maximum (FWHM) of line broadening of the 
Bragg peak and θ is the angle of diffraction [1, 163, 164].  
The average particle size of an investigated material can be measured from the 
most prominent Bragg peaks in the associated XRD pattern by applying equation (3-7). 
FullProf Rietveld Refinement of the XRD pattern [165] allows understanding the 
structural properties of any investigated material including chemical composition, lattice 
parameter, density, and ion distribution on interstitial sites. The XRD analysis also 
reveals the crystallographic structure, which confirms whether the material is ordered or 
disordered, and works especially well on bulk materials.  
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3.1.1.2 Experimentation by Scanning-Electron Microscopy 
For the topographical and morphological characterization of any material, scanning 
electron microscopy (SEM) is suitable. SEM can study the microstructure of any crystal 
structure. McCullan in 1995 [166], presented the successful SEM method. The SEM is a 
kind of electron microscope which is similar to an optical microscope. The difference is 
that the SEM method uses electrons and an electric field, instead of light and glass (as a 
lens), respectively, as used in an optical microscope. 
In SEM, an electron beam focuses on a small region of the investigated material 
and penetrates the surface, and the detector of SEM counts the emitted electrons from 
that material. The very first observation from the ejected electron gives the idea 
regarding the shape of particles contained in any material by the electron beam 
diameter. SEM allows measuring the shape and size of individual particles in any 
material. SEM gives a high magnification surface image of any material but is directly 
applicable only to conductive materials. A non-conductive material requires a carbon 
coating to provide a metallic surface to investigate by SEM. 
There is one another option for a better magnification image of any material 
which is the field-emission scanning-electron microscopy (FESEM). This electron 
microscope can study any substance with the particle size from 1 nm to 200 nm. Except 
for the particle size range of an investigated material, FESEM and SEM are almost the 
same methods. FESEM delivers the most precise image of any material. Moreover, the 
electron beam in FESEM is electromagnetic, that is why the electron beam is more 
powerful than that in SEM. This high-power electron beam is capable of a better-quality 
image with high resolution. The electron beam gun in FESEM is suitable for a better 
image because an electromagnetic gun or field-emission gun is used in this technique. A 
thermionic gun is used in SEM imaging, instead of an electromagnetic gun. The range 
of particle size that can be scanned by FESEM makes this type of electron microscope 
superior and preferable in any nanoparticulate investigation.  
3.1.2 Magnetic Structure and Characteristics Analysis 
To understand the transformation of magnetic order with various physical conditions, 
we investigated the magnetic characterization of nanoparticulate ZnFe2O4 and 
nanoparticulate MgFe2O4 by a physical property measurement system, which is a 
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generic name for an apparatus that offers the capability to measure a range of bulk 
physical properties, such as heat capacity, resistivity, AC magnetization, and DC 
magnetization, etc., and also the trade-marked name of one such apparatus. The study of 
magnetic characterization leads us to experiments for developing the magnetic structure 
of nanostructured ZnFe2O4 by neutron diffuse scattering using polarization analysis.  
3.1.2.1 Magnetic Ordering of Various Materials 
Double-oxide ferrites, like ZnFe2O4 or MgFe2O4, are prominent members of 
ferromagnetic system or ferrites. A few structural, as well as magnetic properties make 
the double oxide ferrites important. Magnetic moments in atoms and the exchange 
interactions among atoms couple them together and confirm the magnetic ordering in 
any material. When parallel coupling occurs between neighbor atomic moments, below 
a specific temperature, then the magnetic system becomes ferromagnetic which is 
characterized by spontaneous magnetization.  
In a zero-magnetic field, a ferromagnetic material can experience a 
demagnetized state, with a net zero magnetization. In a demagnetized state, the 
ferromagnetic material is divided into domains each with spins in a specific direction. 
Each of the domains has a particular shape and formation depending on the thermal and 
magnetic history of that material. The arrangement of spins in each of those domains is 
such that they cancel moments of one another and the sample becomes 
antiferromagnetic below the Néel Temperature, TN (K). In an antiferromagnetic 
material, lattices divide into two or more sublattices with spin alignments that cancel 
one another to ensure a zero net magnetization. Above TN, the material is no longer 
antiferromagnetic but paramagnetic. Thus, investigation of the specific temperature at 
which a magnetic-order transformation occurs is essential, to discuss the magnetic order 
of any substance.  
The domains in ferromagnets have different strength with antiparallel moments, 
which belong to different sublattices. As a result, a ferromagnetic material possesses a 
net magnetization. Due to dominated positive exchange, under specific temperature, the 
formation of parallel coupling of moments allows a material to be ferrimagnetic with a 
net magnetization. This temperature is called the Curie temperature, TC. For 
ferromagnetic materials, TN is equivalent to the TC.  
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On the other hand, when negative exchange dominates below a specific 
temperature, the spins align antiparallel, and accordingly, the net-zero magnetization 
transforms the ferromagnetic material into antiferromagnetic. Therefore, TN and TC 
influence a phase transition between the magnetically ordered and disordered state 
(paramagnet). Magnetic orderings, affected by temperature, can be divided into three 
classes: 
i) Ferromagnetic order; 
ii) Antiferromagnetic order; and 
iii) Ferrimagnetic order. 
 
Figure 3-2: Variation of inverse susceptibility as a function of temperature for (a) diamagnetic material, 
(b) paramagnetic material, (c) ferromagnetic material, (d) antiferromagnetic material, and (e) 
ferrimagnetic material. 
The spin orientations in different magnetic orderings are shown in Figure 3-2. 
More than one magnetic order or all three magnetic orders, stated above, can be 
observed in the same material. By changing the particle size of any material and 
implementing appropriate temperature, frequency, and magnetic field, a magnetic phase 
transition in any material is possible. A nanoparticulate ferromagnetic or ferrimagnetic 
material with negligible interparticle interaction, under the influence of temperature is 
called a superparamagnetic (SPM) material. SPM is a special phase of magnetism of a 
ferromagnetic or ferromagnetic nanoparticulate material. At a specific temperature, 
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when the period between two magnetization fluctuations is shorter and even not enough 
to measure magnetization in the absence of an eternal magnetic field, then the 
magnetization becomes zero, and the nanoparticulate material termed as 
superparamagnetic. This thermodynamic phase transition is defined by that of 
ferromagnetic or ferimagnetic phase, i.e., TC. 
At a specific applied magnetic field, magnetization according to the Curie-Weiss 
law (1907) [167] can be represented as: 
 χ =  
C
T− TC
   (3-8) 
where C denotes the Curie constant, T is the temperature, TC is the Curie temperature, 
and χ is the magnetic susceptibility, which is proportional to magnetization according to 
the equation: 
 M =  χH     (3-9) 
Here H is the magnetic field strength. According to the Curie-Weiss law, magnetization 
decreases with increasing temperature. Curie-Weiss law is only applicable for SPM 
state at a temperature which is well below TC and well above blocking or freezing 
temperature. In absence of any magnetic field and above TC, paramagnetism establishes 
in a superparamagnetic material. 
The blocking temperature, Tb, is the temperature at which interparticle 
interaction occurs in a ferromagnetic or ferromagnetic material and particles lose their 
alignment in a specific direction, and the associated material becomes paramagnet. Tb 
for any material can be observed from the M-T curve, and is the temperature 
corresponding to the peak point of the zero-field-cooled (ZFC) curve. In a 
superparamagnetic material, the moment increases with increasing temperature up to a 
specific range and then decreases slowly with further increase in temperature. While a 
magnetic field is absent, magnetic moments are blocked due to the energy barrier in a 
direction of easy-magnetization direction at Tb and paramagnetism establishes. While an 
external magnetic field is applied, interaction among magnetic moments decreases as 
well as the activation energy. An external magnetic field raises a net magnetization 
which decreases Tb.  
At a lower temperature, due to long dipole-dipole interaction, significant 
interparticle interactions take place and this dipole-dipole interaction energy is added up 
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to the anisotropy energy, which increases Tb. At this stage, a collective phase of 
nanoparticles occurs which establishes a regular crystal lattice and this state is known as 
superspin glass (SSG) state. This is not a thermodynamic phase transition but is a sort of 
cooperative phenomena, and the temperature for SSG state formation is referred to as 
freezing temperature, Tf. 
SSG is a metastable state. It is a kind of disordered magnetic state where the 
moments are aligned irregularly. It is a combination of ferromagnetic bonds with 
parallel spin orientation and antiferromagnetic bonds with antiparallel spin orientation. 
The existence of these two opposite magnetic orderings develops a frustrated interaction 
in atomic bonds. Moreover, more than one stable geometric arrangement of atoms may 
create a spin-glass system. Near transition temperature, spin-glass nature slow down and 
a spin-glass behaves as any typical magnetic material such as paramagnetic, 
ferromagnetic, antiferromagnetic, or ferrimagnetic material. Above TC, the spin 
alignment fits with the spin alignment pattern of any of the magnetic ordering or 
magnetic disordering.  
3.1.2.2 Approach for Magnetic Structure Analysis 
A physical property measurement system (PPMS
TM
) investigation is a useful technique 
to understand the magnetic order of any substance. The magnetic order and the 
transformation trend, observed from a magnetization study, develop the pathway to 
investigate the magnetic structure of a ferrite material as a function of inversion 
parameter using the neutron diffuse scattering (NDS) by polarization analysis. 
3.1.2.2.1 Magnetization Study 
The AC and DC magnetization investigations, by a physical-property measurement 
system (PPMS
TM
), are used to distinguish paramagnetism from antiferromagnetism or 
ferrimagnetism and superparamagnetism from ferromagnetism or paramagnetism. M-T 
and M-H curves, from AC and DC magnetization experimentations, respectively, are 
studied to understand the magnetic order of any substance. Both of these magnetization 
methods rely on each other for a complete magnetic structure study. The saturation 
magnetization, MS, of a superparamagnetic material is usually very high, and the 
coercivity, HC, which is different from ferromagnetic or paramagnetic material. 
45 
 
In magnetization analysis, the formation of a hysteresis loop in the M-H curve 
indicates the presence of a ferromagnetic order with alignment of the magnetic 
moments. A hysteresis loop exists below Tb, while above Tb the moments just follow 
the direction of the applied magnetic field with a coercivity, HC = 0 and a 
superparamagnetic material behaves like a paramagnet. 
As mentioned before that below certain temperature, interparticle interaction 
does not exist in a ferrite sample and this temperature is blocking temperature, Tb (K). 
Tb may become higher when more dipole-dipole interaction occurs in paramagnet, 
which increase the activation energy and causes regular crystal lattice to form superspin 
glass (SSG).  The absence of interparticle interaction causes lower activation energy and 
ferromagnetism or ferrimagnetism or antiferromagnetism dominates at low activation 
energy.  
To distinguish Tb and Tf we measured the divergence of the nonlinear 
susceptibility, χ3, by the following equation 
 χ3 = (
T
Tf−1
)
−γ
   (3-10) 
Where the dynamic scaling, ϒ = 3.3±0.5 [168]. This equation is only relevant 
for the spin-glass formation. Therefore we will use the values of Tb in this equation 
instead of Tf. The divergence associated with the blocking temperature confirms SSG 
state. At this temperature moments are blocked due high anisotropy energy barrier 
[169]. This blocking temperature is Tf rather than Tb. 
Distribution and alignment of magnetic moments can be different for bulk and 
nanoparticulate materials. Accordingly, magnetization investigation varies for different 
particulate sized materials with the variation of mechanical activation and interparticle 
interactions, which causes variation of activation energy, Ea, as well. Ea is the energy 
required for a moment to overcome the energy barrier to become ferromagnetic and 
plays a key role while investigating the magnetic ordering of a spinel ferrite. The 
following equation is utilized to measure Ea for any material, 
 Ea = Keff .V (3-11) 
           where V is the volume of a specific sample and Keff is the effective anisotropy constant 
which can be calculated from the Stoner-Wohlfarth theory [170], written as  
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 Ha =
2Keff
ρMS
 (3-12) 
Here ρ (kg/m
3
) is the density of the sample, MS is the saturation magnetization at a 
specific temperature for the sample, derived from DC magnetization, and Ha is the 
anisotropy field. Ha can be obtained from the T-H diagram [171], using the following 
equation  
 Tmax = Tf[1 − (
H
Ha
)α]                   (3-13) 
where Tf is the temperature associated with the cooling field H = 0 T.  
The following equation is known as the Vogel-Fulcher law [172-174], and is 
used to calculate Ea to understand the interparticle interactions of any ferrite sample: 
 f =  f0exp (
Ea
( Tf− T0)
)    (3-14) 
Here Tf is the freezing temperature at a specific frequency, f (Hz), and cooling field, H 
(T). Depending on frequency, Tf changes in a particular sample. f0 is the characteristic 
frequency, defined by the following equation, 
 
f
fo
 ∝ (
T − Tf
Tf
)zv (3-15) 
Here, zv is a parameter obtained by multiplying the dynamical scaling exponent z and 
the correlation-length scaling exponent v [175].  The product of z and v is introduced as 
the critical exponent [176]. For an interacting system, the critical exponent zv is taken to 
be 13.3 [177]. Previously it has been discussed that the critical exponent zv for any 
interacting super-spin glass (SSG) system is in the range between 4 and 10 [175] which 
is larger than that of any semiconductor material [176].  
Moreover, the frequency and temperature-dependent state function, Ψ (a.u.), is 
an identical characteristic, both for the superparamagnetic and superspin-glass system 
[175, 178], is a significant factor which indicates the magnetic system of any material. ψ 
(T, f) can be calculated from the following equation: 
 ψ (T, f) =
(
∆Tf
Tf
)
∆(logf)
 
(3-16) 
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The relaxation time, τ (sec), which this is the time required for any material to 
reach an equilibrium state, is another key characteristic to study the magnetic ordering 
of any material. τ is influenced by the frequency and has different ranges for different 
magnetic orderings of material. While observing particle-size-dependent Tf for our 
ZnFe2O4 samples in Chapter 4 (Figure 4-5), peak broadening in this χ-T curve indicates 
the nature of relaxation-time distribution for a specific sample. It is found that peak 
broadening is increased with increasing particle size and decreasing mechanical 
activation, and visa versa. Therefore, the distribution of relaxation time decreases with 
increasing milling time or mechanical activation [179].  
The range of τ depends on the magnetic order, i.e., paramagnetism, 
antiferromagnetism, or ferromagnetism, and nuclear behavior of the material. The 
following equation can be utilized to calculate τ: 
 τ = τ0ε
−zv                                                 (3-17) 
where 𝜏0 is the microscopic relaxation time. τ is also related to characteristic frequency, 
f0, where T → Tf and can be calculated directly from the following equation  
 τ =
1
f0
 (3-18) 
Another parameter, named the reduced temperature, ε, also has significance in 
magnetic structure analysis. The following equation is used to calculate ε in this 
investigation:      
 ε = 
T−Tf
Tf
     (3-19) 
with T ≥ Tf. For the present study, we measure Tf by visual estimation from an M-T 
curve.  
The temperature-dependent magnetization study shows a significant thermal 
effect on the alignments of magnetic moments of a studied sample, which becomes 
more influential in the presence of a magnetic field frequency, and temperature. The 
variations of the net moment and moment direction, with variation of temperature, 
magnetic field, and frequency, influence the development and transformation of 
different magnetic orders in spinel ferrites.                                         
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3.1.2.2.2 Neutron Scattering by Polarization Analysis  
Neutron scattering is a technique which uses neutrons to investigate the magnetic 
structure of any material of the scale 0.1 nm to 100 nm. In this method, an intense beam 
of neutrons falls on a particular material and interacts with the magnetic moments of 
unpaired electrons. The scattered beam of neutrons, from the targeted material, carries 
information about the properties of the material, especially magnetic properties on a 
relatively significant scale, and can reveal the magnetic structure below the Néel or 
Curie temperature [180] which comprises a diversity of magnetic orderings. The 
neutron scattering method is also capable of separating the magnetic and nuclear 
scattering cross sections.  
The neutron scattering technique is used widely to study the magnetic ordering 
because of the interaction between neutron spin and the atomic moments in a sample. 
The origin of this interaction is the magnetic induction, the process by which a 
substance transforms into a magnet. Neutron spin or neutron moment is the total angular 
momentum of neutron spin. On the other hand, atomic spin or atomic moment is the 
total angular momentum of a neutron, proton (nuclear spin) and electron of any 
material. The neutron spin can be symbolized by a vector S, although only one 
component of this vector can be measured along some arbitrary axis at a time. If we 
pick an axis parallel to s, then with the projection 1, neutrons are entirely polarised with 
a polarisation vector P and |P|=1. 
A fission or spallation technique which can only produce neutrons and moderate 
them is used for polarized neutron scattering. These methods do not to create or 
preserve a specific neutron polarisation. Polarization can be presented as   
 𝐏 =  
∑ 𝐏ii
N
 (3-20) 
and is an average over a random unit-length vector and is therefore equal to zero. It is 
already mentioned that neutron is a spin 1/2 particle, so it can only have two spin 
angular momenta, valued as (1/2 ħ). For example, applying a magnetic field along the z-
axis; we can divide neutrons into two sets:  
N
+
 → ‘up’ spin  
N
−
 → ‘down’ spin 
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Mathematically, these two sets of neutrons can be represented as: 
 N+ =
1
2
(1 + 𝐏z)  
 
N− =
1
2
(1 − 𝐏z) 
 
Consequently, the polarization is represented as below: 
 ∴   𝐏 =  
[(N+ − N−)]
[(N+ + N−)]
  ?̂?   (3-21) 
with ?̂?, which is a unit vector, parallel to the magnetic field and called the scattering 
vector. 
Moon et al. in 1969 [111], introduced the triple-axis spectrometer for neutron 
scattering. Depending on the combination of flippers in this technique, the inbound 
polarized neutrons may be either ‘up’ or ‘down.’ The scattered neutron beam is also 
considered in the same direction as the inbound beam. In a conventional neutron-
scattering experiment, neutrons scatter into a solid angle dΩ, with energies from E′ 
to (E′+ dE′). Then the number of scattered neutrons can be measured as (normalized): 
 
d2Ω
dΩ dE′
  
As a polarised neutron beam can be incident either in ‘up’ or ‘down’ direction 
depending on the direction of neutron moments, the orientation of the neutron 
polarisation vector can be measured. The scattered neutron can be measured according 
to the direction of a polarized beam. So, the scattered neutron has two components as 
below: 
(
d2Ω
dΩ dE′
 )+ and (
d2Ω
dΩ dE′
 )− 
Each of these scattering cross sections can be resolved into two cross sections 
depending on the arrangement of flippers of a spectrometer, which may change the 
direction of the neutron spins in the polarized neutron beam. Therefore, there are four 
possible scattering cross sections: 
i) non-spin-flip → (dσ/dΩ
) + +
 
ii) non-spin-flip → (dσ/dΩ
) - -
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iii) spin-flip → (dσ/dΩ
) + -
 
iv) spin-flip → (dσ/dΩ
) - + 
Accordingly, the numbers of scattered neutrons are written as: 
Non-spin-flip scattered neutrons: 
(
d2Ω
dΩ dE′
 )++ and (
d2Ω
dΩ dE′
 )−− 
Spin-flip scattered neutrons: 
(
d2Ω
dΩ dE′
 )+− and (
d2Ω
dΩ dE′
 )−+ 
The total scattered neutron cross section is then written as, 
d2Ω
dΩ dE′
=  
1
2
 [(
d2Ω
dΩ dE′
 )++ + (
d2Ω
dΩ dE′
 )−− + (
d2Ω
dΩ dE′
 )+− + (
d2Ω
dΩ dE′
 )−+] (3-22) 
The differential cross section of the polarised neutron beam can, therefore, be 
described by the sum of the nuclear and the magnetic cross sections. The nuclear (strong 
force) interaction is isotropic (no scattering-vector dependence), and very short ranged 
(effectively a point on point). If the neutron polarisation vector, P, is directed along the 
z-axis, then the balance between the spin-flip (SF) and non-spin-flip (NSF) scatterings 
for magnetic and nuclear scattering can be illustrated as in Table 3-1. 
Scattering 𝐏 ∥ ?̂? 𝐏 ⊥ ?̂? 
SF NSF SF NSF 
Magnetic Scattering 𝐒x + 𝐒y 0 𝐒x 𝐒y 
Nuclear Scattering 0 1 0 1 
Table 3-1: Magnetic and nuclear scattering for different conditions of polarization and scattering vector. 
When P is perpendicular to the scattering vector ?̂?, the spin components, both 
for spin-flip and non-spin-flip conditions, contribute to the magnetic scattering. 
Moreover, the spin component of P, parallel to ?̂?, and caused only by spin-flip 
condition, also causes magnetic scattering, whereas the nuclear scattering arises only for 
the P of non-spin-flip coordination when it is parallel or perpendicular to the scattering 
vector ?̂?. As non-spin-flip condition allows strong-force interaction, nuclear scattering 
arises only because of a non-spin-flip condition.  
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When we work with P‖?̂?, it is possible to distinguish nuclear Bragg scattering 
from magnetic Bragg scattering. This configuration is not useful for ferromagnets as the 
guide field will force the moments to be parallel to ?̂?, and so no magnetic scattering will 
be observed. However, it can be used to look for a non-collinear order, and it is 
extraordinarily powerful for antiferromagnets, where the magnetic and nuclear 
scattering can be separated, even when the two scatterings overlap. 
When spins are not forced to align with the moment by the guide field, Bragg 
scattering for flipper may remain ‘on’ for P┴ ?̂?, which is different from P‖?̂?. At the 
same time, Bragg for flipper may remain ‘off’ for P┴ ?̂?, and P‖?̂? may differ. 
Accordingly, Bragg for P┴ ?̂? and P‖?̂? overlap, for any of these flipper conditions, 
scatterings can be separated. That means the scattering arises from a magnetic 
scattering.  
Again, Bragg scattering for flippers may remain ‘on’ for P┴ ?̂?, which does not 
differ from P‖?̂?.  At the same time, the Bragg scattering for flipper may remain ‘off’ for 
P┴ ?̂?, and P‖?̂? may not alter. Therefore, Bragg for P┴ ?̂? and P‖?̂?, overlap for any of 
these flipper conditions, scatterings cannot be separated as they just coincide in both 
flippers. That means the scattering arises from a nuclear scattering. 
Small angle neutron scattering (SANS) by polarization analysis is a technique to 
investigate the magnetic structure of any material consisting of particles of a size from 1 
nm to 100 nm. In this technique, elastic scattering of the neutron is used to interact with 
the nuclei or the magnetic moments of unpaired electrons of any substance. Again four 
possible neutron spin cross-sections, (dσ/dΩ
) + +
, (dσ/dΩ
) - -
,
 
(dσ/dΩ
) + -
, and (dσ/dΩ
) - +
, 
develop magnetic and nuclear scattering.  
Spin-flip cross sections give rise to the magnetic scattering, and non-spin-flip 
cross sections yield the nuclear scattering. Let us consider that the inbound neutron 
beam is incident along the z-axis, the applied field is along the x-axis, and the detectors 
are in the x-y plane (Figure 3-3). For simplicity, we denote the differential cross-section 
by ‘F.’ We denote the Fourier transformation of ‘nuclear density’ and ‘magnetic 
density’ by FN(Q⃗⃗ ) and FM(Q⃗⃗ ), where Q⃗⃗   is the scattering vector. Now, four cross-
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sections, associated with the nuclear and magnetic scattering amplitudes or intensities, 
can be written as: 
 F++ = FN(Q⃗⃗ ) + FM⊥z(Q⃗⃗
 ) (3-23) 
 
 F−− = FN(Q⃗⃗ ) − FM⊥z(Q⃗⃗
 ) (3-24) 
 
 F+− = FM⊥x(Q⃗⃗
 ) + FM⊥y(Q⃗⃗
 ) (3-25) 
 
 F−+ = FM⊥x(Q⃗⃗
 ) − FM⊥y(Q⃗⃗
 ) (3-26) 
   
Three-dimensional magnetic structure measurement is possible from FM⊥x
2 (Q) =
FM∥
2  and FM⊥y
2 (Q) + FM⊥z
2 (Q) = 2FM⊥
2
. From this arrangement, we consider that FM∥
2 and 
FM⊥
2  are different from each other [181]. From the polarized neutron scattering, nuclear 
and magnetic scattering can be separated unambiguously depending on the arrangement 
of flippers of the triple-axis spectrometer and associated polarisers and spins. The 
nuclear and magnetic scatterings can be separated using the following equations for FN
2 , 
FM∥
2 and FM⊥
2 , corresponding to the nuclear and different magnetic scatterings [181]: 
 FN
2 (Q) =  
1
2
 (Fθ=00
++ + Fθ=00
−− ) 
(3-27) 
 
 FM∥
2(Q) =  
1
16FN
2  (Fθ=900
−− − Fθ=900
++ )2 (3-28) 
 
 
FM⊥
2 (Q) =  
1
6
 (Fθ=00,900
+− + Fθ=00,900
−+ ) 
(3-29) 
 
 FM∥
2(Q) = (Fθ=450,1350
+− + Fθ=450,1350
−+ ) − 5FM⊥
2 (Q) (3-30) 
Halpern et al. [43-45] have given the general expression for the differential 
scattering of a magnetic ion as,  
 F2 = FN
2 + 2?̂?FMFN𝐪 + FM
2 q2 (3-31) 
where the polarization state of the neutron being scattered is denoted by ?̂?, which is a 
unit vector, the interaction vector is q, FN is the nuclear scattering amplitude, and FM is 
the magnetic scattering amplitude.                                
In general, the magnetic structure factor F̅(𝛋) for a scattering vector κ, from a 
polycrystalline sample, can be written as  
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 F̅(𝛋) = ∑∑𝐪i|μi⊥|f(𝛋)𝐬j exp(i𝛋i𝐑j)
m
i=1
n
j=1
 (3-32) 
where  
j = position of atoms = 1, 2, 3,……., n                                                            
i = possible reflection having the same value of κ = 1, 2, 3,……., m 
𝐪i = interaction vector for the i
th
 reflection 
𝐬j = spin direction of the j
th
 atom                                                                                              
|μi⊥| = absolute value of the perpendicular component of the moment  
𝛋𝐢= the scattering vector of the i
th
 reflection 
𝐑j = position of the j
th
 atom 
f(𝛋) = magnetic form factor of the atom at position Rj at scattering vector κ  
The form factor f(𝛋) can be calculated by the equation used by Forsyth and Wells 
(1959) [182]:   
 f(𝛋) = A exp(-as2) + B exp(bs2) + C exp(-cs2) + D   (3-33) 
We have used the coefficient values of A, a, B, b, C, c, D, from Table 3-2, calculated by 
Vand et al. (1956) [183]: 
Iron ion A a B b C c D 
Fe
2+
 0.0263 34.960 0.3668 15.943 0.6188 5.594 -0.0119 
Fe
3+
 0.3972 13.244 0.6295 4.903 -0.0314 0.350 0.0044 
Table 3-2: Coefficients for calculating the form factors of Fe
2+
 and Fe
3+
 ions. 
and the scattering vector ?̅? for an orthorhombic cell can be written as   
 ?̅? = ha*+kb*+lc* (3-34) 
Here, h, k, and l are the Miller indices of a reflection and a*, b*, and c* are the 
reciprocal lattice lengths. Therefore, the unit vector along the reflection is,  
 ?̂? = ?̅?/|𝛋| = (ha*+kb*+lc*)/|𝛋| (3-35) 
We know that the reciprocal lattice dimensions are related to the magnetic unit cell 
dimensions (a, b, c) as follow: 
 𝐚∗ = 2π/a  
 𝐛∗ = 2π/b  
 𝐜∗ = 2π/c  
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The magnetic cell dimensions (a, b, c) according to Fayek et al. [42] are: 
 a=b=c/2       (in the case of tetragonal lattice a=b≠c)  
So, the absolute value of the scattering vector can be written as  
 |𝛋|= √[(hja
∗)2 + (kjb
∗)2 + (ljc
∗)2]  
     =2π/a √[(hj)
2 + (kj)
2 + (lj/2)
2] (3-36) 
𝐑𝐣 is the position of the j
th
 atom which is in general represented as:                                    
 𝐑𝐣= xj𝐚 + yj𝐛 + zj𝐜   (3-37) 
The value of q2 can be expressed as a function of the direction cosines of M 
and κ, as written below:  
 𝐪i̅ = ?̂? (?̂? . ?̂?) – ?̂?  
    q2 = 1 − (κ ̂. M̂)2 =  1 − cos2η  (3-38) 
where M̂ is a unit vector that is parallel to the magnetic moment vector of the atom. In 
the case of ferromagnetic samples, for cubic magnetic symmetry without preferred 
direction, the average value of q2 for all (hkl) reflections is calculated as 
 ‹q2› = 1 − ‹cos2ϕ› = 2/3   (3-39) 
where for a cubic lattice ‹cos2ϕ› = 1/3. 
The fractional lengths of  ?̂? along the cell dimensions (Figure 3-3) are, 
   𝐌𝐱̂  =  𝐌. 𝐚/|M|  
   𝐌𝐲̂ = 𝐌. 𝐛/|M|  
  𝐌?̂?= 𝐌. 𝐜/|M|  
and the unit vector along the moment direction is finally found as  
   ?̂? =  𝐌?̂?+ 𝐌?̂?+ 𝐌?̂?         (3-40) 
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Figure 3-3: All possible reflections of a reflection generator in three 
dimensions. 
 
Therefore, the absolute value of the moment is expressed as,  
 |M|= √(Mx)2 + (My)2 + (Mz)2 (3-41) 
 Utilizing equation (3-35) and (3-40), the angle between the normal of the 
planes (hkl) and moment direction is given by  
 cos ϕ = ?̂? . ?̂? = [ 𝐌?̂? . h𝐚
∗ +  𝐌?̂?. k𝐛
∗ +  𝐌?̂?. l𝐜
∗] /|𝛋| (3-42) 
and magnitude of the interaction vector, of equation (3-38), is finally given by 
 q2 = 1 − [( Mx̂ . ha
∗ +  Mŷ. kb
∗ +  Mẑ. lc
∗)/|κ|]2 (3-43) 
The general equation for the magnetic structure factor, which leads us to the 
magnetic structure factor for magnetite, is:  
 F̅(𝛋) = F̅(𝛋)2+ + F̅(𝛋)3+  
?̅?(𝛋) = ∑∑𝐪𝐢|𝛍𝐢⊥|𝐟𝐞
𝟐+(𝛋)𝐬𝐣 𝐞𝐱𝐩(𝐢. 𝛋𝐢. 𝐑𝐣) +
𝐦
𝐢=𝟏
𝐧
𝐣=𝟏
∑∑𝐪𝐢|𝛍𝐢⊥|𝐟𝐞
𝟑+(𝛋)𝐬𝐣 𝐞𝐱𝐩(𝐢. 𝛋𝐢. 𝐑𝐣)
𝐦
𝐢=𝟏
𝐧
𝐣=𝟏
 
 F̅(𝛋) = ∑ ∑ 𝐪i|μi⊥|f(𝛋)𝐬j exp  (i. 𝛋i. 𝐑j)
m
i=1
n
j=1  (fe
2+ + fe3+) (3-44) 
where F̅(𝛋)2+, and F̅(𝛋)3+ are the magnetic structure factors, and fe2+ and fe3+ are the 
magnetic form factors for Fe
2+
 (ferrous) and Fe
3+
 (ferric) ions, respectively.  
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Considering all interaction vectors as parallel or antiparallel (Figure 3-4), the 
magnetic structure factor can be written, from equation (3-32), as: 
 F(κ)2 = [∑∑qi|μi⊥|f(κ)sj exp(i. κi. Rj)
m
i=1
n
j=1
]2 (3-45) 
 
Figure 3-4: Direction of scattering vectors and moments in lattice planes. 
The magnetic intensity can be calculated by the equations: 
 I = K. F(κ)2 (3-46) 
 I = K. [∑ ∑ qi|μi⊥|f(κ)sj exp(i. κi. Rj)
m
i=1
n
j=1 (fe
2+ + fe3+)]2 (3-47) 
where K is a constant. Regardless of interaction vector, qi, we can write equation (3-32) 
for the magnetic structure factor as below: 
 F(κ) =  ∑ ∑ |μi⊥|f(𝛋)𝐬j exp(i. 𝛋i. 𝐑j)
m
i=1
n
j=1     (3-48) 
Now, this F(κ) has a similar form to the normal structure factor of nuclear 
scattering. The only difference is that the equivalent atoms possess the values of the 
scattering amplitude, which are different in magnitude because of the spin states of the 
atoms and signs of spin direction.  
We consider the symmetry of the FM’s of the magnetic structure, which is the 
‘configurational symmetry’ of the magnetic structure [156]. This symmetry may be 
different from the ‘chemical symmetry’ of crystal because F(κ) is concerned about the 
magnetic atoms only. The configurational symmetry allows several F(κ) to assume the 
same absolute value for different combinations of ±h,±k, and ±l, but each F(κ) may be 
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associated with a different value of q2. Now we can formulate the general equation for 
magnetic intensity as 
 I = K. ‹q2›.  F(κ)2 (3-49) 
Here ‹q2› is the average value of q2.  
Intensities for both the magnetic and nuclear intensities can be measured from 
the neutron scattering data set obtained from a neutron polarization analysis 
spectrometer or a small-angle neutron scattering instrument.  
According to Fayek et al. [42], magnetic peaks were observed at hkl/2 with ‘l’ 
and ‘h+k’ odd integer only. Here h, k, and l are the indices for the spinel-type cubic unit 
cell [41]. Magnetic contribution from the reflections with odd integer ‘l’ indicates the 
antiferromagnetic type of magnetic ordering. For our samples, the magnetic intensity 
from the reflections (𝟏𝟎
𝟏
𝟐
), (𝟏𝟎
𝟑
𝟐
),  (𝟐𝟏
𝟏
𝟐
), (𝟏𝟎
𝟓
𝟐
), (𝟐𝟏
𝟑
𝟐
), and (𝟑𝟎
𝟏
𝟐
) and equivalents 
are most prominent. The positions for these peaks, in the diffraction pattern, are 
mentioned as in Table 3-3. 
Peak index hkl Reflection  
Multiplicity 
Position of peaks 
 Q (Å
-1
) 
(10
1
2
) 
8 0.831 
(10
3
2
) 
8 1.340 
(21
1
2
) 
16 1.704 
(10
5
2
) 
8 2.002 
(21
3
2
) 
16 2.002 
(30
1
2
) 
8 2.261 
Table 3-3: Multiplicities and peak positions for various peaks in antiferromagnetic ZnFe2O4. 
This table also includes the possible number of reflections for a particular 
reflection generator, or the multiplicity. 
3.1.2.2.3 Investigation of Short-Range Magnetic Order 
The neutron diffuse scattering by polarization analysis of any spinel ferrite, followed by 
the magnetization investigation, reveals the short-range magnetic order preference, 
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which develops only due to the magneitc moment contribution from the [B]-site Fe
3+
 
ions. The change of magnetization with the interparticle interactions, due to changing 
inversion, can be discussed by plotting M
2
 against H/M which is known as the Arrott 
plot [184]. The negative slope of an Arrott plot confirms the antiferromagnetic to 
ferromagnetic transition [185, 186], and the positive slope above the blocking 
temperature (Tb) indicates the transition between paramagnetic to ferromagnetic states 
[187].  
Short-range order arises from a special arrangement of the nearest-neighbor 
atoms in any lattice, which is a function of atomic distance. We analyze the origin of a/f 
SRO of nanoparticle ZnFe2O4 by applying the Warren-Cowley parameter, αi, in the 
following equation: 
 M(Q) ∝ ∑αi. Cos(Q. δRi)  (3-50) 
where M(Q) is the magnetization corresponding to the scattering vector Q, δRi is the 
distance between each atom and the i
th  
nearest-neighbour shell, and αi is the Warren-
Cowley short-range order parameter or co-efficient of that shell.  
 The short-range order parameters, αi, are discussed by Cowley [188, 189], and 
Warren-Cowley parameter [190] can be written as: 
 
αi = 1 −
PA
i
CA
= 1 −
PB
i
CB
 (3-51) 
where PA
i  and PB
i  are the conditional probabilities of coupling between the atoms on the 
(A) and [B] sites, respectively, in the i
th
 nearest-neighbor shell, and CA and C𝐁 are the 
concentration of atoms on the (A) and [B] sites, respectively. αi < 0 suggests the 
presence of magnetic short range order in any substance [191].  
 Methodology Overview of Experimental Samples  3.2
We are interested in studying the magnetic structure of a series of ZnFe2O4 samples of 
different nanoparticulate sizes (Φ ~ 90 nm to Φ ~ 9 nm), compared with a series of 
similar-sized nanoparticulate MgFe2O4 samples. The preparation methodologies of 
these samples are described briefly in this section. 
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3.2.1 Nanostructured ZnFe2O4 
The investigated nanoparticulate ZnFe2O4 samples were prepared by Martin Fabian and 
Vladimir Šepelák of the Institute of Physical and Theoretical Chemistry, University of 
Technology, Braunschweig, Germany. The nominal sizes of the samples are Φ ~ 90 nm, 
Φ ~ 21 nm, Φ ~ 15 nm, and Φ ~ 9 nm prepared by mechanochemical synthesis using 
planetary ball-milling for 0 h to 1 h.  
The significant advantages of mechanochemical synthesis formula are more substantial 
time efficiency, proper usage of materials and energy, and the discovery of new or 
improved reactivity and products. The mechanochemical route is a method which is 
used to produce high performance and low-cost novel nanomaterials [192].  
The preparation of nanostructured ZnFe2O4 was carried out in two steps: 
i) Conventional solid-state method to produce bulk ZnFe2O4; and 
ii) Mechanochemical synthesis to produce nanostructured ZnFe2O4 from bulk 
ZnFe2O4 by using a planetary ball-milling machine. 
Mechanochemistry, which despite involving multi-step processes, heating, and the 
addition of expensive and hazardous reagents [124], has been proven to be a highly 
promising and straightforward methodology. This methodology can compete with a 
traditional synthetic procedures. The inherent disadvantages of conventional materials-
synthesis protocols could be overcome by using a simple grinding step under ball-
milling conditions. During grinding (or milling) a mixture/material, an excess of 
potential energy can be accumulated along with shear and friction forces. This excess 
energy can introduce a large variety of defects or changes in the final element, which 
drastically improves its reactivity. 
Structural and magnetic properties of any material depend on the chemical 
composition and their microstructure. Nanostructured materials, produced by ball 
milling for various lengths of time, have a simultaneous change of chemical 
composition and microstructure. Moreover, unusual physical and chemical properties 
are developed, which are different from those of conventional bulk materials, because of 
the extremely small particulate size or large surface area. 
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3.2.2 Nanostructured MgFe2O4 
MgFe2O4 samples were prepared from an equimolar amount of MgO and α- 
Fe2O3 as raw materials by following the conventional solid-state route, shown in the 
flowchart in Figure 3-5. Powder reactants were mixed homogeneously with a mortar 
and pestle. A few drops of ethanol were combined with the homogeneous mixture 
which was then pressed to form tablets that were pre-fired, reground, pressed, and 
sintered to get the bulk MgFe2O4. Bulk MgFe2O4 possesses a single-phase structure 
confirmed by X-ray diffraction analysis of powder sample.  
  
Figure 3-5: The flow chart for the preparation of spinel ferrite by the mechanochemical synthesis route. 
The nanoparticulate MgFe2O4 was acquired by ball milling in a planetary ball 
mill E1 2 X 150 (Institute of Solid State Chemistry, Novosibirsk), as shown in the 
Appendix (Figure A-1). In the ball-milling jar, the weight ratio of powder sample to 
balls was 50:1 [193]. The mechanochemical preparation method introduces cation 
exchange between the tetrahedral and octahedral sites which make the magnetic 
structure of nanoparticle MgFe2O4 complex. Accordingly, it is found that the magnetic 
property of nanoparticle MgFe2O4 is not identical to that of bulk MgFe2O4. Because of 
introducing inversion of ions between the tetrahedral and octahedral sites by ball-
Select appropriate 
starting materials 
Pre-firing 
Weigh out starting 
materials 
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amount) 
Mix starting 
materials together 
Pelletize 
Select sample 
container 
Grind product and analyse 
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Sintering as reaction 
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milling, the inverted cubic spinel ferrite converts into a mixed cubic spinel ferrite [25]. 
Nanoparticulate MgFe2O4 has an excellent mixed ferro-antiferro character that is 
tunable, and the ferromagnetic character is maintained to a very high temperature. 
There are four steps involved in the mechanochemical route, to prepare the 
nanostructured MgFe2O4 samples, which can be described as below:  
(1) Preparing a mixture of raw materials;  
(2) Pre-firing the mixture to form ferrite substance; 
(3) Converting the ‘raw’ ferrite into powder and pressing the powder into tablet shape; 
and 
(4) Sintering the samples to produce a highly densified product. 
The following discussion describes the main features of each step. 
(1) Preparing a mixture of raw materials: 
The raw materials for preparing nanostructured MgFe2O4 by the mechanochemical route 
were highly pure MgO (99.995%) and α-Fe2O4 (99.995%), which were supplied from 
Aldrich Chemical. Bulk MgFe2O4 was prepared from equimolar amounts of MgO and 
α-Fe2O4. Raw materials were hand-milled in a mortar and pestle for 4 hours to make a 
homogeneous mixture. This homogeneous mixture was pressed in an agate mortar to 
form tablets (diameter ~ 12 mm and thickness ~ 2 mm). 
(2) Pre-firing the mixture to form ferrite: 
The tablets are then put into a crucible and pre-fired twice at 1200º C in the furnace 
(Muffle furnace - M01) situated at ISEM of University of Wollongong. After sintering 
for 24 hours, the tablets were taken out of the furnace.  
The importance of pre-firing of a sample is described first by Swallow and Jordan in 
1964 [194], which is followed by Slick in 1980 [195] and Elmasry et al. in 1997 [196]. 
Accordingly, pre-firing was performed during the preparation of MgFe2O4 samples in 
our study, for the reasons: 
 Pre-firing decomposes carbonates and higher oxides, thereby reducing the 
evolution of gas in the final sintering process; 
 Reducing the effect of variations in the compositions of the raw materials; and 
 Finally, reducing or controlling the shrinkage of the material.  
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In the pre-firing stage, the raw materials MgO (99.995%) and α - Fe2O4 (99.995%) 
react to produce MgFe2O4 as below [195] for any divalent ions M: 
MO+ Fe2O3= MFe2O4 (Spinel) 
For this experiment, we took Mg (Magnesium) as the divalent ion (M). The 
reaction, mentioned above, is a straightforward reaction for spinel ferrite. According to 
this reaction, the anticipated sample for this investigation may be produced after the first 
step through hand milling; however the sample may have some inhomogeneous portions 
with big pores. The sample was therefore pre-fired to reduce the pores, and material 
with better quality was formed.  
 (3) Converting the ‘raw’ ferrite into powder and pressing for required shape: 
After cooling down to room temperature, pre-fired samples were then reground for 30 
minutes and pressed into tablets again. After pre-firing the material twice for 24 hours, 
we reground it again to eliminate the pores and produce a homogeneous mixture. The 
material was again pressed into tablets for final sintering.  
 (4) Sintering to produce a highly densified product: 
Finally, those tablets were sintered twice at 1200º for 24 hours in the same elevated-
temperature furnace. Sintering was performed to transform the mass compact powder 
into a dense object. During the sintering process, the free energy associated with grain 
boundaries is released. Slick [195] has discussed the main three reasons for sintering as 
below: 
 To bind the particles together to impart sufficient strength to the product; 
 To densify the grain compacts by eliminating the pores; and 
 To homogenize materials by completing the reactions left unfinished in the pre-
firing step. 
This mixture was milled at room temperature for different time periods in a 
planetary ball mill (Planetary ball mill-P7 of ISEM), shown in the Appendix (Figure A-
1), to prepare desired nanoparticulate sizes of this composition. After milling for a 
specific time, X-ray diffraction patterns were taken to confirm the single-phase structure 
of the sample.  
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 Instrumentation Used for Investigations 3.3
The instruments, used for structural and magnetic characterization to understand the 
magnetic-order transformation as a function of particle size, are described here. 
3.3.1 Instrumentation for Physical Characterization 
We used an X-ray diffractometer and field-emission scanning-electron microscope to 
take the diffraction patterns and micrographs of the investigated samples, respectively. 
Analyzing the XRD patterns and micrographs, we estimated the physical characteristics 
of the samples. 
3.3.1.1 X-Ray Diffractometer (XRD) 
The X-ray diffraction (XRD) analysis is a well-known and widely used method for 
characterizing spinel ferrites and any other materials [16]. The atomic arrangement of 
any material can be easily measured by the lattice parameter, obtained from XRD 
analysis. XRD patterns of MgFe2O4 were taken from the MacScience MX18HF 
Diffractometer with a CuKα radiation = 1.5418Å, of Institute for Superconducting & 
Electronic Materials (ISEM), Australian Institute of Innovative Materials (AIIM), 
University of Wollongong. In the Appendix, the schematic diagram of X-ray 
diffractometer is presented (Figure A-2). 
The X-ray diffraction data were analyzed by FullProf Rietveld refinement [165, 
197, 198] to measure the average particle size in a particular sample including the ion 
distributions on different ion sites. The single-phase formation of our samples was 
confirmed by the XRD data analysis, utilizing the JCPDS PDF database [162]. 
3.3.1.2 Field-Emission Scanning-Electron Microscope (FESEM) 
The average grain size of an individual sample was confirmed by a field-emission 
scanning-electron microscope (FESEM) of model JEOL JSM-7500 FA, at the Institute 
for Superconducting & Electronic Materials (ISEM), Australian Institute of Innovative 
Materials (AIIM), University of Wollongong. The JSM-7500F is a cold-cathode 
analytical Field Emission SEM. This microscope offers the highest resolution with a 
resolution capability of 1.4 nm at 1 kV. A scanning-electron microscope (SEM) is the 
facility which allows high magnification and a high-resolution image of any sample 
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surface. For a very fine and small nanoparticulate sample, may contain particles as 
small as 1 nm, the FESEM is preferable to the analytical SEM. The FESEM, we used in 
this study, can reveal images of better resolution of our samples, which contain particles 
of approximately 1 nm to 200 nm in size. 
The FESEM is used in this investigation to measure the mean particle size of an 
particular sample. The high-resolution images of powder samples, attained from the 
FESEM, have shown the surface detail and compositional information of the 
investigated samples. FESEM micrographs also confirmed the particle size of the 
samples. Images obtained from FESEM were analyzed by the ImageJ software [199]. 
3.3.2 Instrumentation for Magnetic Characterization 
In the present research, we intended to obtain a complete understanding of the magnetic 
structure of ZnFe2O4 by neutron scattering with polarization analysis along with 
modeling the magnetic order of the samples. For this purpose, we used the general 
expression for the differential scattering cross section of a magnetic ion given by 
Halpern and Johnson [43-45] which is reproduced in the previous work by Shull et al. 
[41]. For this research, we aimed to compare the magnetic characteristics and order 
between similar particulate sized ZnFe2O4 and MgFe2O4 samples. We also sought to 
correlate our observations with the previous view done by Fayek et al. [42], Boucher et 
al. [155], Kamazawa et al. [40], Hofmann et al. [25], and Fei et al. [26]. We have done 
the polarization analysis of selected ZnFe2O4 and MgFe2O4 samples by a neutron 
polarization analysis spectrometer and a small-angle neutron scattering instrument.  
3.3.2.1 Physical Property Measurement System (PPMSTM) 
To observe the magnetic characteristics of the nanoparticulate samples, we studied the 
AC and DC magnetization of the samples by a 9-T Physical Properties Measurement 
System (PPMS
TM
) situated at the Australian Centre for Neutron Scattering (ACNS), 
Australian Nuclear Science and Technology Organisation (ANSTO), as shown in the 
Appendix (Figure A-3)). Sample environment possibilities of this magnetometer include 
a magnetic field up to ±16 T and a temperature range of 1.9 K to 400 K. Samples 
prepared for the ACMS (AC susceptometer) experimentation, each comprised 
approximately of 0.03 gm of the sample, and placed in a straw of 25 mm length to insert 
into the magnetometer. 
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The AC magnetization experiment of all ZnFe2O4 and MgFe2O4 samples was 
done for a temperature range, from 2 K to 380 K with a step size of 2
o
 per minute. 
Moreover, different cooling fields of 0 T, 5x10
-3
 T, 1x10
-2
 T, 2x10
-2
 T, 4x10
-2
 T, 8x10
-2
 
T, and 1.6x10
-2
 T, were applied. The biasing fields were 0 T and 1.5x10
-3
 T, and each of 
the experiment cycle on magnetization was performed for various frequencies like 10 
Hz, 100 Hz, 500 Hz, 1 kHz and 10 kHz. The DC magnetization was investigated for the 
series of the investigated nanoparticulate ZnFe2O4 and nanoparticulate MgFe2O4 
samples from -1.0 T to 1.0 T, for five different temperatures varied between 5 K and 
300 K.    
3.3.2.2 Neutron Polarization Analysis Spectrometer D7 
The polarized-neutron diffuse scattering for ZnFe2O4 samples was measured on the 
neutron polarization analysis spectrometer, D7, situated at the Institut Laue-Langevin 
(ILL), Grenoble, France (Figure A-4). The schematic diagram of the D7 instrument is 
shown [109] in Figure 3-6.  
 
Figure 3-6: Schematic diagram of the neutron polarization analysis spectrometer D7 [109]. 
The working principle of D7 instrument is the same as for the triple-axis 
spectrometer discussed by Moon et al. [111] with the difference that D7 has a group of 
detectors, instead of one detector which makes this instrument more efficient for the 
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neutron scattering study of any material at the expense of flexibility and slightly higher 
background. Between these two types of spectrometer, D7 instrument is superior 
because this spectrometer is equipped with super-mirror multi-detector analyzer used to 
do XYZ-polarization analysis [109]. This instrument is well established for diffuse 
scattering as this spectrometer can scatter at a large solid angle of its detector coverage. 
The wavelength of an incident neutron can be selected by a pyrolytic graphite 
monochromators, which can be 3.1Å or 4.8 Å or 5.8 Å. After a recent upgrading of the 
instrument, it now has a high-polarized neutron flux of 1.5 X 10
6
 ns
-1
cm
-2
 at an incident 
wavelength, λ, of 4.8 Å [109]. A guide field of 0.001 T to 0.002 T, in this instrument, 
ensures the efficient transmission of the polarised neutron beams through the 
instrument.  
For recording the diffuse scattering from a crystalline material, the spectrometer 
must have some special considerations. As the contribution from diffuse scattering 
varies with a wave vector Q, so it is required that the Q factor will be relaxed in favor of 
high neutron flux. A diffuse scattering is weak and flat, compared to the other Bragg 
peaks. So, the background of the instruments should be kept as low as possible to ensure 
that the detectors do not record scattering from the environment of the investigated 
sample. Elastic, quasi-elastic and inelastic scattering can all contribute to the diffuse 
scattering, and should be well separated by the spectrometer, which is done either by an 
analyzer to determine the final neutron energy or by a time-of-flight analyzer and pulsed 
or time-modulated neutron beam. To separate the nuclear-coherent, nuclear spin-
incoherent, and magnetic contributions in a diffuse scattering unambiguously, this 
instrument uses neutron polarization analysis. The D7 instrument transforms from a 
diffuse spectrometer to an inelastic time-of-flight (TOF) spectrometer by introducing a 
‘Fermi chopper’. 
This type of instrument should also have a wide-angle multi-detector. Besides 
the D7 neutron diffuse scattering (NDS) instrument, there are, or were, another two such 
instruments that fulfil these requirements for performing diffuse scattering from any 
crystalline material. One is DNS, situated at JCNS FRM-II in Münich, Germany and 
another one of this type was the LONGPOL diffuse scattering spectrometer at the 
HIFAR reactor, Lucas Heights, Australia. The essential requirement of these 
instruments is the diffuse scattering by polarized neutrons.   
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3.3.2.3 Small-Angle Neutron-Scattering Instrument (SANS) D33  
Small-angle neutron scattering (SANS) is a well-established technique to study the 
magnetic structure of any material of approximate size from 1 nm to 100 nm. D33 
(Figure 3-7) is a small-angle neutron scattering (SANS) instrument, situated at the 
Institut Laue-Langevin (ILL), Grenoble, France. This is the third instrument of its type 
established at ILL, after D11 and D22.  
 
Figure 3-7: A schematic diagram of the small-angle neutron-scattering instrument D33. 
D11 and D22 instruments are the best in the field of reactor facilities, with 
respect to the neutron flux at the sample position. Polarized SANS experiments became 
one of the most demanded instruments for investigating magnetization in 
nanoparticulate materials because of their ability to examine the granular and nano-
structured magnetic materials [200], thin-film magnetism, metallurgy, 
superconductivity and the spin-vortex lattice [201-205]. Increasing demand made it 
necessary to establish a third SANS instrument with specifications that include time-of-
flight or monochromatic, twin multidetector, polarization, and analysis capability where 
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high magnetic fields at the sample position can be used. The D33 SANS instrument 
characterizes samples with typical sizes varying from the nanometer scale to a few 
tenths of a micrometer. This apparatus operates in both monochromatic and time-of-
flight (TOF) modes to cover an enhanced dynamic q-range qmax/qmin in one instrument 
setting. Magnetic fields up to 17 T can be applied at the sample position. Because of its 
high flux, kinetic experiments with a time resolution of the order of a few milliseconds 
are possible. A schematic diagram of the D33 SANS instrument is shown in Figure 3-7. 
On the D33 instrument, there is a significant detector solid angle to accept 
neutrons at count rates of the order of MHz with negligible dead-time losses. Two 
detectors are used in the D33 instrument to count neutrons scattered to wider and 
smaller angles. This instrument has flexibility in the choice of wavelength band Δλ/λ 
instead of the approximately 10% fixed full width at half maximum (FWHM) in case of 
a typical SANS spectrometer, or in case of a weaker neutron source, almost 20%. The 
tunable wavelength band, Δλ/λ of D33, is ideal for its flexibility. 
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Chapter 4 
 
4 Magnetic-Order Transformation of 
Nanoparticulate ZnFe2O4  
 
Non-inverted ZnFe2O4 is widely used for ferrofluids, magnetoelectric refrigeration and 
contrast agent for magnetic resonance imaging. A series of nanoparticulate ZnFe2O4 
samples with size range Φ ~ 90 nm to Φ ~ 9 nm corresponding to a range of inversion 
from 0.008 to 0.35 was produced by mechanochemical synthesis. Synthesis of these 
samples by ball-milling induced ion redistribution and raised the possibility of the 
formation of core/shell structure during ball-milling. Bulk to nanostructured samples 
comprised a range of magnetic order which becomes quite complicated to investigate. 
Observation of transformation of the magnetic order in the investigated ZnFe2O4 
series is conducted in three segments -  
i) Investigation of structural properties;  
ii) Magnetic property exploration by AC magnetometry using a physical property 
measurement system; and 
iii) Magnetic structure model probed by using neutron diffuse scattering with 
polarization analysis. 
In this section, we continue our investigation only with the first two segments. 
After ratification of the structural properties of nanostructured ZnFe2O4 samples, we 
observe the magnetic order transformation in individual samples against several 
variables as each of these variables has a dissimilar influence on the magnetic properties 
with the variation of particulate size. This research segment correlates the observation 
of the magnetic-order transformation and allows assembly of a magnetic model of 
nanostructured ZnFe2O4, based on the structural properties in a consistent and reliable 
manner. 
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  Mechanical Properties  4.1
We mentioned earlier the history of ZnFe2O4 samples of this study. We performed the 
mechanical-property investigation of the full series of nanoparticles ZnFe2O4 with size 
range from Φ ~ 90 nm to Φ ~ 9 nm via X-ray diffraction (XRD) and field-emission 
scanning-electron microscopy (FESEM).  
4.1.1 X-Ray Diffraction Investigation 
ZnFe2O4 samples were prepared and structural properties were also investigated by 
Martin Fabian and Vladimir Šepelák. The single-phase formation and the average 
particle size of individual sample were measured by them. Accordingly, the nominal 
sizes of the samples are Φ ~ 90 nm, Φ ~ 21 nm, Φ ~ 15 nm, and Φ ~ 9 nm. We have 
performed the X-ray diffraction experiments on a MacScience MX18HF diffractometer 
(ISEM, University of Wollongong) with CuKα radiation (λ = 1.5418 Å). The XRD 
patterns (Figure 4-1) over the 2θ range varied from 20
0
 to 80
0
 for distinct samples with a 
step size ∆2θ = 0.01
0
, confirmed the single-phase formation of all samples. 
As the samples were ball milled for different time periods, the XRD patterns 
presented separate structural properties for different samples and average particle size of 
the samples is one of them. The JCPDS PDF card number-00-022-1012 was used for 
the XRD data analysis [60]. Rietveld refinement using FullProf [165, 197, 198] 
confirmed the space group of the investigated samples. The best fits of the XRD 
patterns are obtained from these refinements with χ
2
 between 2 and 10, which confirms 
the single phase of all samples. χ
2 
is a statistical hypothesis during the study of any 
sample of the difference between the expected and observed values. χ
2
 can be 
represented as: 
 χ2 = 
1
n−1
∑ (χci − χoi)
2n
i=1     (4-1) 
where χci and χoi are the calculated and observed values in the case of the 
diffracted intensity, and n is the total number of data points.  
According to the obtained data from Rietveld refinements, it was found that the 
samples are single-phase cubic spinel ferrite belonging to the Fd3m space group [206]. 
The most prominent peaks observed are for the (220), (311), (222), (400), (422), (511), 
and (440) crystallographic planes from 2θ range from 20
0
 to 80
0
. The diffraction 
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patterns for four ZnFe2O4 samples and JCPDS PDF card number-00-022-1012 are 
presented in Figure 4-1. 
Although we knew the nominal sizes of the ZnFe2O4 samples, we checked the 
average particle sizes of the investigated samples from the resulting XRD patterns [1, 
163, 164] by using the equation proposed by the Debye-Scherrer, as presented in 
equation (3-7). The average particle size, Φ (~ nm), is calculated from the six most 
prominent peaks [(220), (311), (400), (422), (511), and (440)] of each XRD pattern. The 
derived sizes of the samples are Φ ~ 8.27 nm (2.9), Φ ~ 14.36 nm (3.8), Φ ~ 18.49 nm 
(4.3), and Φ ~ 84.28 nm (9.2) which are very close to the nominal particulate sizes of 
the samples.   
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Figure 4-1: The X-ray diffraction patterns of the Φ ~ 90 nm ZnFe2O4 sample and for the JCPDS PDF 
card number - 00-022-1012 [60]. 
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Nominal Particle Size 
Φ ~ nm 
as  supplied 
Measured 
Particle 
Size Φ  
(nm) 
Milling 
time t (h) 
Cell 
parameter 
a0 (Å) 
Density ρcalc 
(Kg/m
3
) 
Bulk Standard - - 8.456 (2) 5.291(5)x10
3 
 
9 8 (3) 1.00 8.413 (2) 5.378(6)x10
3 
 
15 14 (4) 0.45 8.416 (2) 5.373(6)x10
3
  
21 19 (4) 0.35 8.441 (2) 5.325(6)x10
3
  
90 84 (9) 0.00 8.443 (2) 5.338(6)x10
3 
 
Table 4-1: Rietveld refinement data of the investigated nanoparticulate ZnFe2O4 samples from thevX-ray 
diffraction data. 
Table 4-1 shows the average particle size of the samples, as well as the milling time 
to produce those samples, the cell parameters, and the densities. It is found that the cell 
parameter decreases from 8.443 (0.003)  Å to 8.413 (0.003)  Å with decreasing particle 
size (Figure 4-2) from Φ ~ 90 nm to Φ ~ 9 nm by increasing the milling time from 0 h 
to 1 h, and the density consequently increases gradually. 
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Figure 4-2: Lattice parameter, a, against the particulate size of ZnFe2O4 samples obtained from the XRD 
patterns. 
According to atomic stoichiometry [7], the ionic radius of Zn
2+
 (0.74 Å) is 
higher than that of Fe
3+
 (0.63 Å). With mechanical activation, Zn
2+
 and Fe
3+
 ions 
redistribute across the (A) and [B] sites. With continued milling, larger Zn
2+
 ions are 
replaced by smaller Fe
3+
 ions on the (A) site, and consequently, the cell parameter 
decreases with increasing milling time or decreasing average particle size of samples. 
As particle sizes of studied ZnFe2O4 samples matched with those of Hofmann et al. 
[25], we have taken the inversion parameter (c) of different samples from his work to 
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conduct the calculation in neutron diffraction scattering section. The values of c are 
taken as 0.350, 0.145, 0.064, and 0.008 for Φ ~ 9 nm, Φ ~ 15 nm, Φ ~ 21 nm, and Φ ~ 
90 nm samples, respectively. As we demonstrate this work as a function of particle size, 
we concentrated only on measuring the particle size of ZnFe2O4 samples precisely from 
this XRD investigation. 
4.1.2 Field-Emission Scanning-Electron Microscopy Study 
The investigation of mechanical properties is qualitatively extended by studying the 
micrographs for all samples from the field-emission scanning-electron microscope 
(FESEM). We preferred FESEM over a scanning electron microscope (SEM) because 
FESEM is more appropriate for the samples of interest in this work. SEM allows a high-
resolution image to determine the average particle size of any sample, but FESEM 
allows a high-resolution micrograph image, to determine the average particle size below 
100 nm of any samples.  Most of the particles of our ZnFe2O4 samples are less than 100 
nm.  
The micrographs of the samples were taken by electron beams from a JSM-7500 JEOL 
Field-Emission Scanning-Electron Microscope (FESEM), situated at ISEM, University 
of Wollongong. The micrographs, displayed in Figure 4-3 for each of the samples, show 
separate particle boundaries with almost spherical shapes. From these micrographs, we 
observe a more even distribution of ions in the milled samples.  
We have already studied the average size of particles in the individual samples 
by XRD investigation, and we compared these with the nominal sizes of the samples. 
Besides the shape and orientation of particle, FESEM images also have the scope to 
measure the average particle size of samples. From each of the micrographs, 15 
particles are selected to calculate the average particle size of the relevant sample using 
the Gaussian fit. The particulate sizes observed by all three methods are presented in 
Table 4-2. Here the estimated error for each Φ from FESEM is the square root of 
variance, σ, written as: 
where Φi is the size of the i
th
 particle and and Φ̅ is the average size of n number 
of particles. 
 σ2 = 
1
n−1
∑ (Φ𝑖 − Φ̅)
2n
i=1     (4-2) 
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Figure 4-3: The micrographs of nanoparticulate ZnFe2O4 samples from field-emission scanning-electron 
microscopy. 
Nominal Particle 
Size Φ  
(~ nm)  
Particle Size Φ 
 (~ nm) 
(XRD) 
Particle size Φc 
 (~ nm) 
(FESEM) 
9 8 (3) 11 (1) 
15 14 (4) 17 (1) 
21 19 (4) 26 (1) 
90 84 (9) 92 (8) 
Table 4-2: Average particle size of the investigated nanoparticulate ZnFe2O4 series from the X-ray 
diffraction data and FESEM micrograph analysis. 
From Table 4-2, it is found that the sizes measured by FESEM are very close to 
those measured by XRD. For simplicity, in this work, the samples are henceforth 
addressed by their nominal sizes for their physical and magnetic characterization. 
 Magnetization of Nanoparticulate ZnFe2O4 4.2
Bulk ZnFe2O4 is a normal spinel, and antiferromagnetic with a Néel temperature of 
around 10 K. In 2016 Mayekar et al. [207]  suggested that nanoparticulate ZnFe2O4 is a 
partly inverted ferrite and that the sample shows more complexity in its magnetic 
behavior in nanoparticulate form. A small antiferromagnetic particle can behave as a 
Φ ~ 9 nm Φ ~ 15 nm 
Φ ~ 90 nm Φ ~ 21 nm 
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superparamagnet, and some weak ferromagnetism may also arise because of 
uncompensated spins on the (A) and [B] sites. Previously the complex magnetic 
behavior of the investigated samples was discussed by Auzans et al. [13] where two 
different types of ferrofluids were synthesized, and it was observed that the 
magnetization of that combined ferrofluid decreased while doping Zn above 0.5. In the 
present investigation, the complex nature and coexistence of magnetic behavior of 
nanoparticulate ZnFe2O4 samples will be investigated which will be then correlated with 
our observations and analyses of polarized neutron diffuse scattering (Chapter 6).  
Magnetic moment orientation makes magnetic properties of any substance 
different from structural features. The coordination of moments responds to a magnetic 
field, as well as to the change of temperature and frequency. In addition to these 
variable parameters, redistribution of ions on different ionic sites of a substance, due to 
milling, also influences moment orientation. The direction of moments changes with 
applying alternating current (AC), whereas, in the case of direct current (DC), the 
direction of moments does not change, and only the magnitudes of the moments change. 
For overall observation of magnetic properties of the investigated nanoparticulate 
ZnFe2O4 samples, we performed both AC and DC magnetization measurements by 
using the ACMS magnetometer of a 9-T Physical Properties Measurement System 
(PPMS
TM
) located at ACNS, ANSTO. 
4.2.1 AC Magnetization Investigation 
We performed AC magnetization experiments to observe the magnetic moment 
response when applying an AC field. We also aimed to study the variation of moments 
with frequency in the presence of an AC field.  To observe the stimulation of 
temperature on magnetic dipole moments, we conducted the experiments in the 
temperature range from 2 K to 350 K at a biasing magnetic field of 1.5x10
-3
 T in the 
presence of a high AC field. The frequency-dependent magnetic performance of 
nanoparticulate ZnFe2O4 samples was studied over a frequency range from 10 Hz to 10 
kHz. The co-existent trend of superparamagnetism and superspin-glass behavior, as a 
function of inversion parameter, temperature, cooling field, and frequency, for different 
nanostructured ZnFe2O4 samples are discussed in this segment of results and 
discussions.  
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4.2.1.1 Particle-Size Dependence of Freezing Temperature 
AC magnetization investigation of Φ ~ 9 nm to Φ ~ 90 nm ZnFe2O4 samples was 
conducted only for the field-cooled thermal effect, within the range of magnetic field, 
H, varied from 0 T to 1.6x10
-1
 T and at a biasing field of 1.5x10
-3
 T. Figure 4-5 shows 
the thermal effect of AC magnetization for all ZnFe2O4 samples at 10 Hz frequency and 
0 T.  
 We have examined the ac susceptibility of nanoparticulate ZnFe2O4 samples 
for the temperature range from 2 K to 350 K. For each of the experimental sequence in 
PPMS
TM
, we have taken a 10 K step size, which is quite high for observing any 
thermodynamic transition from M-T graph. As shown in Figure 4-4, the variation of 
magnetic susceptibility, χ, for the Φ ~ 90 nm, Φ ~ 21 nm, Φ ~ 15 nm, and Φ ~ 9 nm 
ZnFe2O4 samples at 0 T magnetic field and 10 Hz frequency, we can observe that there 
is some kind of thermodynamic transition near below 20 K (black arrow) for the Φ ~ 90 
nm sample and near below 50 K (red arrow) for other samples.  
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Figure 4-4: Variation of magnetic susceptibility, χ, for the Φ ~ 90 nm, Φ ~ 21 nm, Φ ~ 15 nm, and Φ ~ 9 
nm ZnFe2O4 samples at 0 T magnetic field and 10 Hz frequency. Lines are guides for the eye. 
We could not identify the Néel temperature (TN) in this magnetometry. Antic et 
al. [177] showed that for nanoparticulate ZnFe2O4, TN was found below 50 K. We did 
not see Néel temperature (TN) in this magnetometry, because the measurements were 
not sensitive enough. For large step size we have missed to get sharp and round peak, 
which should have told us about TN, after which a ferromagnet converts into 
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antiferromagnet with the arrangement of spins in each of those domains, is such that 
they cancel moments of one another. Fayek et. al. [42] measured TN quite well with 
neutron diffraction and they cited a basic reference book for the magnetometry [208]. 
Boucher et al. [155] cited Edgar et  al. (1958) [209] for observing an anomaly in the 
specific heat at 10 K and ascribing it to magnetic order. Kamazawa et  al. [40] measured 
susceptibility and identified a peak at 13 K, which they suggested was TN. Kamazawa 
also cited the papers [132, 210] also showed that the measurement of TN is well 
established.  
Sato et al.  published in 1990 [133] on the magnetic transitions in nanoparticles 
of Zn ferrite. His Mossbauer results on 5.5 nm nanoparticles clearly indicate magnetic 
LRO below 20K which respond to magnetic field, so it must be ferrimagnetic (or 
ferromagnetic). His magnetic measurements verify some ferrimagnetic response, but do 
not allow assessment of antiferromagnetism.  
Below certain temperature, interparticle interaction does not exist in a ferrite 
sample and this temperature is either blocking temperature, Tb (K), or freezing 
temperature, Tf (K). The absence of interparticle interaction causes lower activation 
energy and ferromagnetism or ferrimagnetism or antiferromagnetism at low activation 
energy. Figure 4-5 shows that Tb or Tf increases with decreasing particle size. As shown 
in the following figure, the variation of magnetic susceptibility, χ, for the Φ ~ 90 nm, Φ 
~ 21 nm, Φ ~ 15 nm, and Φ ~ 9 nm ZnFe2O4 samples at 0 T magnetic field and 10 Hz 
frequency, we can observe that there is some kind of thermodynamic transition near 
below 20 K for for the Φ ~ 90 nm sample and near below 50 K for other samples. For 
large step size we have missed to get sharp and round peak, which should have told us 
about the Néel temperature (TN), after which a ferromagnet converts into 
antiferromagnet with the arrangement of spins in each of those domains, is such that 
they cancel moments of one another. 
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Figure 4-5: Variation of magnetic susceptibility, χ, for the Φ ~ 90 nm, Φ ~ 21 nm, Φ ~ 15 nm, and Φ ~ 9 
nm ZnFe2O4 samples at 0 T magnetic field and 10 Hz frequency. Lines are guides for the eye. 
According to Figure 4-5, each of the samples has a peak at a specific 
temperature, which indicates the behavior of a small magnetic particle. This behavior 
appears because of blocking the moments of different particles along with their 
respective anisotropy directions at that temperature [211]. It is observed that the 
temperature required for blocking the moments to orient in a direction of easy-
magnetization is very high (105 K to 285 K) which increases the dipole-dipole 
interaction in the sample and adds up to the activation energy. This temperature can be 
defined as Tf rather than as Tb. 
Table 4-3 summarizes the freezing temperatures, Tf, of the four investigated 
samples at 10 Hz and 10 kHz with the values of associated AC susceptibility, χ (μB/T). 
Particle Size 
Φ (nm) 
Tf (K) at 10 
Hz 
AC Susceptibility χ 
(μB/T) at 10 Hz 
Tf (K) at 
10 kHz 
AC Susceptibility χ 
(μB/T) at 10 kHz 
9 285 (17) 5.33(1)x10
20 
 299 (17) 4.53(1)x10
20   
15 263 (17) 4.16(1)x10
20 
 179 (17) 3.54(1)x10
20  
21 263 (16) 4.36(1)x10
20 
 279 (13) 3.72(1)x10
20   
90 105 (16) 1.81(1)x10
20 
 112 (17) 1.74(1)x10
20   
Table 4-3: Freezing temperature, Tf, for different nanoparticulate ZnFe2O4 samples. 
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In this investigation, we observe that Tf varies from 284 K to 105 K for different 
samples (Φ ~ 9 nm to Φ ~ 90 nm) at 10 Hz. We also observe a similar trend at 10 kHz, 
where Tb (K) varies from 299 K to 128 K. A higher Tf is associated with a smaller 
particulate sample which means that the smaller the particulate sample, the higher the 
temperature at which all the moments lose their alignment with a net magnetization 
zero, and the sample behaves like a spin-glass and there is a possibility of existence of 
paramagnetism.  
To distinguish Tb and Tf we measured the divergence of the nonlinear 
susceptibility, χ3, for the Φ ~ 9 nm to Φ ~ 90 nm at five different frequencies, from 10 
Hz to 10 kHz, at expernal magnetic field 1x10
-2
 T. The spin-glass transition of 
nanoparticulate ZnFe2O4 samples are observed from the divergent lines from Figure 4-6, 
where χ3 of a particular sample is plotted against temperature. χ3 calculated by the 
following equation (3-10). 
 
Figure 4-6: Variation of the divergence of the nonlinear susceptibility, χ3, for the (a) Φ ~ 9 nm and (b) Φ 
~ 90 nm ZnFe2O4 samples at 1x10
-2
 T magnetic field for variable frequency, from 10 Hz to 10 kHz. Lines 
are guides for the eye. 
The nonlinear and divergent lines from Figure 4-6 (a) and (b), confirms the glass 
type formation of the samples at higher Tf at different frequencies, where the 
nanoparticles form a regular crystal lattice. The absent of any rounded maximum at any 
of the investigated temperature T (K) represents the spin-glass nature with specific Tf at 
different frequencies and at this temperature moments are blocked due high anisotropy 
energy barrier [169]. This blocking temperature is Tf rather than Tb. 
As we observe Figure 4-6 (a) and (b), we find that the line divergence is much 
higher for Φ ~ 90 nm sample than that for the Φ ~ 9 nm sample. Tf of the Φ ~ 9 nm 
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sample is also much higher than (more than twice) the Φ ~ 90 nm sample. Therefore, 
anisotropy energy barrier of smaller sample is much higher for smaller ZnFe2O4 sample 
and spin-glass nature slows down in investigated composition with increasing milling. 
While milling the normal spinel ZnFe2O4, relocation of ions on the (A) and [B] 
sites changes the magnetic order preference in nanostructured ZnFe2O4. A normal 
ZnFe2O4 sample (before milling) has an antiferromagnetic order preference with 
stronger Fe
3+
-Fe
3+
 antiferromagnetic coupling along with a lower ferromagnetism due to 
the ferromagnetic coupling of Fe
2+
-Fe
3+
 ions across the (A) and [B] sites. By 
introducing mechanical activation through milling, the Fe
3+
-Fe
3+
 antiferromagnetic 
coupling weakens by the relocation of the Fe
3+
 ions on the (A) site from the [B] site, and 
their ferrimagnetically coupling. Consequently, the preference for ferrimagnetism 
increases in the sample series from Φ ~ 90 nm to Φ ~ 9 nm. Because of the powerful 
magnetic order, the Φ ~ 9 nm sample responds to the variation of H more significantly 
than does the Φ ~ 90 nm sample. Accordingly, in a milled sample, spin-glass or 
paramagnetism dominates at a comparatively higher temperature than in an unmilled 
sample. Although this trend contradicts previous research, we find it reliable as 
compared with the Curie temperature, TC, from our neutron polarization diffraction 
analysis (discussed in Chapter 6) and the few reported research studies of TC and the 
Néel temperature, TN (discussed in Chapter 7). From the ac magnetization investigation, 
we get the confirmation of antiferromagnetic order somewhere at low temperature 
(below 100 K). The magnetic phase diagram, studied from neutron diffuse scattering, 
will discuss the existence of antiferromagnetic order and its origin below 100 K.  
Tf for all samples at 10 Hz frequency is observed at different H varied from 0 T 
to 1.6x10
-1
 T for all four investigated nanoparticulate ZnFe2O4 samples and summarized 
in Table 4-4. The AC field strength of PPMS
TM
 is typically 1x10
-3 
T. For the Φ ~ 9 nm, 
Φ ~ 15 nm, and Φ ~ 21 nm samples, the rate of change Tf at 10 Hz is negligible, and is 
less than or equal to only 1% over the experimental cooling field, H. For the Φ ~ 90 nm 
sample, the rate of change of Tf is around 30% over the experimental H range. In this 
case, the rate of change of Tf of different samples depends on the AC field strength. 
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Magnetic Field 
H (T) 
Freezing temperature Tf (K) at 10 Hz 
Φ ~ 9 nm Φ ~ 15 nm Φ ~ 21 nm Φ ~ 90 nm 
0 284.4 (16.9) 263.8 (16.2) 263.4 (16.2) 105.0 (10.2) 
5x10
-3
 284.0 (16.9) 265.0 (16.3) 262.8 (16.2) 104.3 (10.2) 
1x10
-2
 283.8 (16.8) 263.5 (16.2) 263.5 (16.2) 104.5 (10.2) 
2x10
-2
 284.3 (16.9) 263.3 (16.2) 263.8 (16.2) 135.4 (11.6) 
4x10
-2
 284.4 (16.9) 262.9 (16.2) 263.4 (16.2) 135.3 (11.6) 
8x10
-2
 283.9 (16.8) 264.0 (16.2) 261.4 (16.2) 136.9 (11.7) 
1.6x10
-1
 283.4 (16.8) 264.9 (16.3) 262.4 (16.2) 136.6 (11.7) 
Table 4-4: Freezing temperature, Tf, of different nanoparticulate ZnFe2O4 samples in a magnetic field 
from 0 T to 1.6x10
-1 
T, at 10 Hz. 
The AC field strength of an instrument depends on the flow of electricity 
through the equipment. The intensity or the strength of the magnetic field is directly 
related to the power consumption of the device. As the PPMS
TM
 (Physical Properties 
Measurement System) used for the present investigation is powerful, it produces a 
higher magnetic field. This field usually remains close to its source. This strong AC 
field of the device keep the moments of the investigated samples strongly locked in 
specific directions. As a result, increasing the field or the frequency has a very minimal 
impact on the direction of moments of any substance inside the instrument. Without 
applying a powerful biasing field, the change in Tf is negligible with the variation of H.  
Applying a low frequency (10 Hz), the spin-glass response develops with a 
gradually increasing temperature with increasing field, H. Accordingly, Tf varies 
considerably with the change of H in a bulk sample, and this observation is summarized 
in Table 4-4. Nanoparticulate samples are more ferrimagnetic than antiferromagnetic, 
with a less responsive (almost negligible) Tf with the variation of H. The spins in 
nanoparticulate samples are firmly aligned in the direction of a net magnetization of the 
instrument, which cannot be misaligned by applying our selected range of H up to 
1.6x10
-1
 T at 10 Hz.  
From Table 4-4, it is seen that Tf decreases abruptly from 284 K to 105 K, in 
going from the milled sample to the unmilled sample, at 0 T and 10 Hz. The 
antiferromagnetic character became more prominent in the bulk sample (Φ ~ 90 nm), 
while the ferrimagnetism strengthens in milled samples with increasing inversion. So, 
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the temperature required for ZnFe2O4 samples to achieve spin-glass or paramagnetism 
decreases with decreasing inversion, i.e., increasing particle size. This result is valid at 
all investigated H and frequencies, as shown in Table 4-4 and Table 4-5, respectively.  
Frequency f 
(Hz) 
Freezing temperature Tf (K) at 0 T 
Φ ~ 9 nm Φ ~ 15 nm Φ ~ 21 nm Φ ~ 90 nm 
10 284.4 (16.9) 263.8 (16.2) 263.4 (16.2) 105.0 (10.2) 
100 288.6 (16.9) 267.8 (16.4) 267.3 (16.3) 111.0 (10.5) 
500 292.2 (17.0) 271.5 (16.5) 271.0 (16.5) 116.7 (10.8) 
1000 295.8 (17.2) 275.3 (16.6) 274.8 (16.6) 122.6 (11.1) 
10000 299.2 (17.3) 279.1 (16.7) 278.6 (16.7) 128.4 (11.3) 
Table 4-5: Freezing temperature, Tf, of different nanoparticulate ZnFe2O4 samples at 0 T, for different 
frequencies from 10 Hz to 10 kHz. 
At any frequency, the variation of Tf with changing particle size reflects the 
gradual development of the magnetic structure from antiferromagnetism to 
ferrimagnetism in ZnFe2O4 with increasing inversion. Tf (K) for all samples at 0 T is 
observed at different frequencies varied from 10 Hz to 10 kHz and summarized in Table 
4-5. It is found that the rate of change of frequency-dependent Tb is 4% for the Φ ~ 9 
nm, Φ ~ 15 nm, and Φ ~ 21 nm samples, and 6% for the Φ ~ 90 nm sample. Therefore, 
weak frequency dependency of Tf is established for the samples of our interest. 
4.2.1.2 Particle-Size-Dependent AC Susceptibility 
Figure 4-7 and Figure 4-8 illustrate the AC susceptibility, χ (μB/T), for the Φ ~ 9 nm and 
Φ ~ 90 nm samples, depending on frequency varied from 10 Hz to 10 kHz, as a function 
of temperature. In both cases, χ gradually increases with increasing temperature at all 
frequencies up to Tf and then decreases with T. 
 Moreover, χ decreases with increasing frequency from 10 Hz to 1 kHz with 
gradually increasing Tf in each case, as illustrated in Figure 4-9. Increasing Tf with 
increasing frequency means that the paramagnetic response develops at a higher 
temperature and higher frequency. Until Tf is reached, the magnetic order of the sample 
is mentioned, and the Φ ~ 9 nm sample acts ferrimagnetically. In this arrangement, the 
moments of the Φ ~ 9 nm sample keep their ferrimagnetic orientation with Tf gradually 
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increasing from 284 K to 299 K, corresponding to increasing frequency (Figure 4-7) 
from 10 Hz to 10 kHz. The same trend is also observed from Figure 4-8, for the Φ ~ 90 
nm sample, where Tf increases gradually from 105 K to 128 K for the same range of 
frequency.  
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Figure 4-7: AC susceptibility, χ, of the Φ ~ 9 nm ZnFe2O4, at 0 T, as a function of temperature from 2 K 
to 350 K. χ gradually increases with increasing frequencies 10 Hz, 100 Hz, 500 Hz, 1 kHz, and 10 kHz. 
Lines are guides for the eye. 
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Figure 4-8: AC susceptibility, χ, of the Φ ~ 90 nm ZnFe2O4, observed at 0 T, as a function of temperature 
from 2 K to 350 K and at frequencies of 10 Hz, 100 Hz, 500 Hz, 1 kHz, and 10 kHz. Lines are guides to 
the eye. 
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Bulk ZnFe2O4 shows an antiferromagnetic preference over the ferrimagnetism, 
and correspondingly χ is lower in a bulk sample than in a nanoparticulate one. For weak 
magnetization, spins of a bulk sample lose their alignment at a lower temperature, than a 
nanoparticulate sample, with a net magnetization tending to zero. ZnFe2O4 samples 
show ferrimagnetic preference with gradually decreasing particle size and consistently 
associated with a higher χ (Figure 4-9). A smaller nanoparticulate sample requires a 
higher temperature to attain a net zero magnetization and become a paramagnet.  
Figure 4-9 shows χ for all samples, observed at 10 Hz and 10 kHz. It is observed 
that χ, corresponding to Tf, decreases from 5.33x10
20 μB/T to 1.81x10
20 
μB/T for the Φ ~ 
9 nm to Φ ~ 90 nm nanoparticulate, respectively, at 10 Hz. A similar trend is observed 
at 10 kHz where χ decreases from 4.53x10
20 
μB/T to 1.74x10
20 
μB/T with increasing 
sample size from Φ ~ 9 nm to Φ ~ 90 nm (Table 4-3). It is shown here that χ for the 
nanoparticulate samples is higher than for the bulk sample, i.e., the moments in 
nanoparticulate samples interact a hundred to a thousand times more strongly than those 
of a bulk sample. As milling is prolonged in the ZnFe2O4 samples, the Fe ion 
interactions, between (A) and [B] sites, increases. Consequently, the magnetization, as 
well as, susceptibility increases which strengthens the ferrimagnetism of the sample.  
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Figure 4-9: Particle-size dependency of freezing temperature, Tf, and AC susceptibility, χ, for 
nanostructured ZnFe2O4 samples with particulate sizes from Φ ~ 9 nm to Φ ~ 90 nm, at 10 Hz and 10 
kHz. Lines are guides for the eye. 
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The susceptibility at different fields is also investigated as χ decreases for 
different H varied from 0 T to 1.6x10
-1
 T, and χ of different nanostructured ZnFe2O4 
varies, as shown in Figure 4-10. It is found that for all studied fields χ increases 
gradually up to a maximum value (at Tf) with increasing temperature from 5 K to 350 
K, then decreases gradually. It is noticeable that there is no significant difference in the 
trend for χ at different H for any of the studied frequencies.  
 
Figure 4-10: AC susceptibility, χ, of the Φ ~ 9 nm, Φ ~ 15 nm, Φ ~ 21 nm, and Φ ~ 90 nm ZnFe2O4 
samples at different cooling fields, H, from 0 T to 1.6x10
-1
 T and 10 Hz frequency. A gradual increase in 
χ is observed with decreasing magnetic field. Lines are guides for the eye. 
Moreover, from Figure 4-10 , we see the value of χ, at different fields H, for the 
Φ ~ 9 nm sample. It is found that χ decreases from 5.33x10
20 
μB/T to 5.10x10
20
 μB/T 
with increasing magnetic field varied from 0 T to 1.6x10
-1
 T. In this case, the sample is 
no longer spin-glass, as the AC field strength is 1.5x10
-1
 T (highest). Applying H in 
different nanostructured ZnFe2O4 samples influences the magnetic-order transformation 
from paramagnetic or superspin glass (SSG) to antiferromagnetic and ferromagnetic or 
ferrimagnetic, i.e., they develop a superparamagnetism (SPM). 
0 50 100 150 200 250 300 350
0
1x10
20
2x10
20
3x10
20
4x10
20
5x10
20
6x10
20
 
 
A
C
 S
u
s
c
e
p
ti
b
il
it
y
 


B
/T
)
Temperature T (K)
 0 T
 5x10
-3
 T
 1x10
-2
 T
 2x10
-2
 T
 4x10
-2
 T
 8x10
-2
 T
 1.6x10
-1
 T
(a)  ~ 9 nm
0 50 100 150 200 250 300 350
0
1x10
20
2x10
20
3x10
20
4x10
20
 0 T
 5x10
-3
 T
 1x10
-2
 T
 2x10
-2
 T
 4x10
-2
 T
 8x10
-2
 T
 1.6x10
-1
 T
 
 
A
C
 S
u
s
c
e
p
ti
b
il
it
y
 


B
/T
)
Temperature T (K)
(b) ~ 15 nm
0 50 100 150 200 250 300 350
0
1x10
20
2x10
20
3x10
20
4x10
20
5x10
20
 0 T
 5x10
-3
 T
 1x10
-2
 T
 2x10
-2
 T
 4x10
-2
 T
 8x10
-2
 T
 1.6x10
-1
 T
 
 
A
C
 S
u
s
c
e
p
ti
b
il
it
y
 


B
/T
)
Temperature T (K)
(c) ~ 21 nm
0 50 100 150 200 250 300 350
6.0x10
19
9.0x10
19
1.2x10
20
1.5x10
20
1.8x10
20
 0 T
 5x10
-3
 T
 1x10
-2
 T
 2x10
-2
 T
 4x10
-2
 T
 8x10
-2
 T
 1.6x10
-1
 T
 
A
C
 S
u
s
c
e
p
ti
b
il
it
y
 


B
/T
)
Temperature T (K)
(d)  ~ 90 nm
86 
 
Table 4-6 and Figure 4-11 summarize the pattern of variation of χ at different H 
for different samples. From Figure 4-11 it is found that the field dependence of χ (at Tb) 
for the Φ ~ 9 nm to Φ ~ 90 nm nanoparticulate ZnFe2O4 samples, at 10 Hz, is 
insignificant.  
Particle 
Size Φ 
(nm) 
AC Susceptibility χ (μB/T)x10
20
 
0 T 5x10
-3
 T 1x10
-2
 T 2x10
-2
 T 4x10
-2
 T 8x10
-2
 T 1.6x10
-1
 T 
9 5.33 (2)
 
5.28 (2)
 
5.23 (2)
 
5.26 (2)
 
5.16 (2)
 
5.19 (2)
 
5.10 (2)
 
15 4.16 (2)
 
4.11 (2)
 
4.03 (2)
 
4.11 (2)
 
4.04 (2)
 
4.07 (2)
 
4.03 (2)
 
21 4.36 (2)
 
4.31 (2)
 
4.31 (2)
 
4.28 (2)
 
4.22 (2)
 
4.23 (2)
 
4.26 (2)
 
90 1.81 (1)
 
1.77 (1)
 
1.74 (1)
 
1.75 (1)
 
1.78 (1)
 
1.81 (1)
 
1.82 (1)
 
Table 4-6: The field-dependent AC susceptibility, χ, of Φ ~ 9 nm to Φ ~ 90 nm nanoparticulate ZnFe2O4 
for different cooling fields, H, from 0 T to 1.6x10
-1
 T, at 10 Hz. 
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Figure 4-11: The field-dependent AC susceptibility, χ, of nanostructured ZnFe2O4 samples versus the 
field, H, from 0 T to 1.6x10
-1
 T, observed at 10 Hz. Lines are guides for the eye. 
From Figure 4-11 and Table 4-6, it is seen that at all H, χ decreases with 
increasing particle size from Φ ~ 9 nm to Φ ~ 90 nm. This trend confirms the 
antiferromagnetic preference in larger samples. As the nanoparticulate samples possess 
a stronger ferrimagnetism and the moments remain biased with the AC field, H has less 
impact on milled samples than on the bulk sample. Consequently, χ changes negligibly 
with the variation of H in smaller samples. 
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4.2.1.3 Particle-Size Dependence of Activation Energy 
The considered ZnFe2O4 samples behave as mixed spinel with a composite 
magnetic behavior. Here, the activation energy, Ea, can be calculated from the volume, 
V, of a specific sample and the effective anisotropy constant, Keff, which can be 
calculated from the Stoner–Wohlfarth theory [170] given by equation (3-12). Ea, for all 
investigated samples, is measured by applying V and Keff in equation (3-11) (Ea = Keff. 
V). The Stoner–Wohlfarth theory is applied with the saturation magnetization, MS, at a 
specific temperature for a particular sample from the DC magnetization, and the 
anisotropy field, Ha, obtained from the T-H phase diagram using equation (3-13) [171]. 
According to this equation Tf is inversely proportional to magnetic field. From Table 
4-4, we found that most of the time Tf varied according to equation 3-12. We can 
consider this equation to be reliable to calculate the activation energy. 
The T-H diagram for the Φ ~ 9 nm sample at 10 Hz is plotted in Figure 4-12. 
The fitted line, follows equation (3-13), consistent with the Almeida-Thouless (AT) 
[212] line. 
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Figure 4-12: The field-dependent freezing temperature, Tf, of the Φ ~ 9 nm ZnFe2O4 sample observed at 
10 Hz. 
The fitted line in Figure 4-12 is the boundary between the superparamagnetic 
(SPM) and super-spin glass (SSG) state of any sample. In this diagram, T0 is the 
temperature at H = 0 T. The parameter ‘α’ in equation (3-13) is the function of 
interaction strength and is different for SPM and SSG systems. It is found that for an 
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interacting system, like nanostructured ZnFe2O4, α is taken to be equal to 2/3 [213]. 
Utilizing To, obtained from the T-H diagram and equation (3-12) and (3-13), Keff (J/m
3
) 
is calculated for the Φ ~ 9 nm sample. Applying the calculated Keff in equation (3-11), 
we measure the Ea for individual samples at different frequencies (10 Hz and 10 kHz). 
For all samples, the field, H,
 
vs. activation energy, Ea, is plotted for 10 Hz and 10 kHz in 
Figure 4-13 and Figure 4-14, respectively. We consider five different temperatures (5 K 
to 350 K) to observe the variation of Ea with nanoparticulate sizes.  
 
Figure 4-13: The field-dependent activation energy, Ea, of (a) Φ ~ 9 nm, (b) Φ ~ 15 nm, (c) Φ ~ 21 nm, 
and (d) Φ ~ 90 nm ZnFe2O4 at 10 Hz and at five different temperatures 5 K, 100 K, 150 K, 200 K, and 
300 K. For all samples, Ea gradually increases along with the corresponding threshold field, Ht, as a 
function of applied magnetic field. Lines are guides for the eye. 
From Figure 4-13 and Figure 4-14, we find that Ea varies gradually at all 
temperatures as a function of H after reaching the threshold cooling field, Ht, which is 
the field after which Ea increases sharply. At both 10 Hz and 10 kHz, it is observed that 
at all temperatures, Ea increases gradually over the investigated H range, with Ht. This 
observation is true for all our four samples. For all the samples, Ea decreases with 
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increasing temperature. Ht remains the same within error for a specific sample at 
different temperatures (both for 10 Hz and 10 kHz). Ht is approximately 4x10
-2
 T, 2x10
-
2
 T, 1x10
-2
 T and 5x10
-3
 T for the Φ ~ 9 nm, Φ ~ 15 nm, Φ ~ 21 nm, and Φ ~ 90 nm 
ZnFe2O4 samples, respectively. 
 
Figure 4-14: The field-dependent activation energy, Ea, of (a) Φ ~ 9 nm, (b) Φ ~ 15 nm, (c) Φ ~ 21 nm, 
and (d) Φ ~ 90 nm ZnFe2O4 samples at 10 kHz and at five different temperatures 5 K, 100 K, 150 K, 200 
K, and 300 K. For all samples, Ea gradually increases along with the corresponding threshold field, Ht, as 
a function of applied magnetic field. Lines are guides for the eye. 
Ht decreases with increasing particle size which indicates the possibility of a 
gradual transformation of magnetic order with the variation of particulate size of 
ZnFe2O4 samples. As Ht for any sample is conserved at all investigated temperatures, 
we consider the particulate size-dependent Ea to observe the magnetic-order 
transformation with mechanical activation. Ea decreases with increasing particle size 
from Φ ~ 9 nm to Φ ~ 90 nm.   
For 10 Hz, the values of Ea associated with Ht acquired at 5 K to 300 K for the 
different samples are presented in Table 4-7: 
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Particle Size Φ (nm) Activation energy Ea (K) at 10 Hz 
5 K 300 K 
9 9.1x10
-1
 2.1x10
1
 
15 4.3x10
-1
 0.8x10
1
 
21 3.6x10
-1
 0.2 x10
1
 
90 1.0x10
-2
 2.0 x10
-1
 
Table 4-7: Activation energy, Ea, at threshold field, Ht, of the investigated nanoparticulate ZnFe2O4 
samples for 5 K and 300 K, observed at 10 Hz. 
The variation of Ea at 5 K and 300 K is observed from the Table 4-7 as a 
function of particle size, at associated Ht. This table shows that Ea is inversely 
proportional to the particle size. Up to Ht = 4x10
-2
 T, moments of the Φ ~ 9 nm sample 
are magnetized with the highest Ea (9.1x10
-1 K at 5 K and 2.1x10
1
 K at 300 K). In an 
unmilled sample (Φ ~ 90 nm), at a very low Ht =5x10
-3
 T, SSG state develops 
consequently at higher temperature with a higher Ea (1.0x10
-2 
K at 5 K and 2.0 x10
-1 K 
at 300 K). In this case, the sample behaves more like an antiferromagnet with the Fe
3+
-
Fe
3+
 coupling on the [B] site. Accordingly, the Φ ~ 9 nm sample is shows SSG state 
with higher Ea at any temperature than the other investigated samples of nanostructured 
ZnFe2O4 series. 
Mechanical activation offers the possibility of formation of a core/shell 
arrangement in the Φ ~ 9 nm sample, and the magnetic exchange across the grain 
boundaries dominates. At the same time, because of the stronger magnetic order of the 
Φ ~ 9 nm sample, dipoles are biased by the AC field. Accordingly, Ea increases, and 
increasing T influences the dipoles to overcome the energy barrier, as moments interacts 
more strongly with increasing T beyond the impact of an AC field. A milled sample 
shows a more stable SPM nature with higher Ea than an unmilled one. At a higher 
temperature magnetic diversity with SSG state becomes more visible with higher Ea 
than at a lower temperature, 
In the Φ ~ 90 nm sample, the dipole-dipole interaction exists along with 
magnetic interaction due to the absence of a significant core/shell structure. 
Consequently, the kinetic energy gains by the dipoles due to increasing temperature, is 
distributed all over the sample and Ea increases comparatively for magnetic 
transformation at higher temperature. From Table 4-7, we see that Ea is smaller for a 
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bulk sample than for a nanoparticulate sample. Because of the weaker magnetic order, 
dipoles are also influenced less by the AC field. Consequently, even at a low 
temperature, alignment of dipoles disappears and the sample behaves like a paramagnet 
or like a metastable spin-glass. 
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Figure 4-15: Field-dependent activation energy, Ea, of the Φ ~ 9 nm to Φ ~ 90 nm ZnFe2O4 samples, at 
10 Hz and 5 K. Ea increases gradually with the applied magnetic field. Lines are guides for the eye. 
Figure 4-15 and Figure 4-16 exhibits this observation more clearly. Figure 4-15 
shows the field-dependent Ea for different samples, at 5 K and 10 Hz. In the previous 
section, we observe that Ea increases with increasing T in all samples. 
Figure 4-16 shows the normalized Ea of ZnFe2O4 samples, from Φ ~ 9 nm to Φ ~ 
90 nm, for (a) 5 K and (b) 300 K, observed at 10 Hz, for an ease understanding of Ea for 
different samples against H. Here Ea for a sample is normalized with respect to the 
largest Ea for all samples at maximum field, H (1.6x10
-1
 T). At 5 K, Ea for the Φ ~ 90 
nm sample stays almost constant over the investigated range of H and much lower than 
that of the other nanoparticulate samples. For the Φ ~ 15 nm sample, Ea increases 
almost linearly with increasing H. For the bulk sample (Φ ~ 9 nm), Ea is found to 
increase with H.  
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Figure 4-16: Field-dependent, Ea, (normalized) of the Φ ~ 9 nm to Φ ~ 90 nm ZnFe2O4 samples, at 10 Hz, 
for (a) 5 K and (b) 300 K. 
The rate of decrease of Ea for the Φ ~ 9 nm to Φ ~ 21 nm samples varies from 
51% to 57%. By contrast the rate for the bulk sample is only around 18%, i.e., three 
times less than that of the nanoparticulate samples. The Ea of the bulk sample responds 
less with temperature which will be discussed in more detail in the next chapter against 
the magnetic phase diagram. At the same temperature, a milled ZnFe2O4 is more 
ferrimagnetic than an unmilled one, and the magnetic response due to temperature 
change is also more conspicuous in nanoparticulate samples. 
Superparamagnetism is a unique form of ferromagnetism observed for a 
nanostructured spinel ferrite sample. Ea is related to Tf, which changes with a particulate 
size as observed in the magnetization curves for all samples at all cooling fields in 
Figure 4-10. Consequently, Ea varies with Tf. It was discussed earlier that the 
ferrimagnetism or ferromagnetism decreases with increasing particle size and the 
paramagnetic or spin-glass response increases. Above Tf, the moments are restricted by 
the Fe
2+
-Fe
3+
 ferromagnetic coupling across the (A) and [B] sites or Fe
3+
-Fe
3+
 
antiferromagnetic coupling on the [B] sites. Consequently, paramagnetism or spin-glass  
develops readily with antiferromagnetic preference in a larger sample. At a temperature 
below Tf, Fe
3+
-Fe
3+
 coupling on the [B] site develops antiferromagnetism in all studied 
samples. Accordingly, the samples possess antiferromagnetic order with higher Ea 
values. Ea decreases as the temperature approaches towards 300 K, and ferrimagnetism 
develops in all samples, consequently. As well, ferrimagnetism preference is observed 
in all samples until the temperature reaches Tf.  
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4.2.1.4 Frequency-Dependent Activation Energy 
At a higher frequency, it is easier for a nanoparticulate ZnFe2O4 sample to be 
transformed into a superparamagnet. This fact is investigated at different frequencies, 
like 10 Hz, 100 Hz, 500 Hz, 1 kHz, and 10 kHz, and compared with the previously 
examined range of various parameters; while discussing magnetic-order transformation. 
The frequency and temperature-dependent χ was presented in Figure 4-7 and 
Figure 4-8, where it was observed to have specific ranges of values for different 
characteristics, e.g., state function, ψ, relaxation time, τ, and reduced temperature, ε, for 
a superparamagnetic versus a superspin-glass system with a different range which can 
be supported by previous works [175, 178]. 
Among frequency-dependent parameters, the magnetic state function, ψ, is one 
which has a range of different magnetic orders. It is a function of temperature (T) and 
frequency (f). By observing the variation of Tb with frequency, from 10 Hz to 10 kHz, 
we calculate the possible range of ψ (T, f) for all investigated samples by applying 
equation (3-16). 
Mydosh in 1993 [175] and Antic et al. in 2004 [178] explained that values of ψ 
of any material from 10
-3
 (a.u.) to 10
-2 
(a.u.) indicate a superspin-glass system (SSG), 
rather than a superparamagnetic (SPM) system for which the range of ψ is near 10
-1 
(a.u.). The calculated ψ for the Φ ~ 9 nm to Φ ~ 21 nm samples is in the range of 10
-3
 
(a.u.) to 10
-2 
(a.u.). These values of ψ imply that with mechanical activation, a SSG 
system develops in ZnFe2O4 and co-exists with the antiferromagnetic, ferrimagnetic, 
and paramagnetic orders, depending on the inversion and other physical properties and 
variables. In case of the Φ ~ 90 nm sample, the range of ψ is in the range of 10
-2
 (a.u.) to 
10
-1 
(a.u.), which is considerably higher than that of other nanoparticulate samples, 
which indicates a less SSG system during the transformation of magnetic ordering. 
The Vogel-Fulcher law explains the activation energy, Ea, for any material 
which directly depends on the frequency and associated Tf. The mathematical form of 
this law was discussed in equation (3-14) [172-174] and is utilized to determine the Ea 
to understand the interparticle interactions of the ZnFe2O4 samples of our interest. We 
have calculated Ea for the series of nanostructured ZnFe2O4 samples. Consequently, the 
discussion is illustrated here only for the smallest and largest samples of this series. 
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Similar as T-H diagram, critical temperature, T0, can be measured from the 
intercept of straight line in lnf vs Tf graph as shown in Figure 4-17 for Φ ~ 9 nm 
ZnFe2O4 sample. T0 of different samples are obtained in the same way and shown in 
Table 4-8, along with the Ea at temperature closest to To for individual sample. 
3 4 5 6 7 8 9 10
282
284
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 (
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Intercept 279.249 1.2874
Slope 2.20928 0.20475
 
Figure 4-17: Measurement of critical temperature, T0, for the Φ ~ 9 nm ZnFe2O4 sample from the 
intercept in the y-axis of fitted line of lnf vs Tf graph. 
Particle 
Size Φ 
(nm) 
T0 (K) Activation 
Energy Ea 
(K) (closest 
to T0) 
9 279 113 
15 258 86 
21 256 86 
90 96 -112 
Table 4-8: Critical temperature, T0, for different nanoparticulate ZnFe2O4 samples.  
It allows us to discuss the temperature dependence of Ea. As Tf increases from 
285 K to 300 K (approximate value), for Φ ~ 9 nm sample, Ea increases from 1.1x10
2
 K 
to 4.8x10
2
 K. Increasing Ea is due to long dipole-dipole interaction, which also increases 
the energy barrier and establishes the collective SSG phase. Therefore, for Φ ~ 9 nm 
ZnFe2O4 sample, SSG nature dominated at higher frequency. The opposite trend is 
observed for Φ ~ 90 nm ZnFe2O4 sample, with decreasing Ea with increasing frequency. 
The critical temperature, T0, allows us to discuss the variation of Ea for all 
samples at temperatures closest to their T0 values. According to the Table 4-8, T0 
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increases from 96 K to 279 K, with decreasing particle size from Φ ~ 90 nm to Φ ~ 9 
nm. Ea, at a temperature closest to T0 for each of the sample, also increases from -112 K 
to 112 K with decreasing particle from Φ ~ 90 nm to Φ ~ 9 nm. Therefore, Ea varies 
proportional to temperature, which supports the Vogel-Fulcher law as discussed in 
equation (3-14) [172-174]. Certainly, the increase of temperature-dependent Ea with 
increasing particle size of studies sample suggests SSG nature with increasing 
temperature. To understand the nature of SSG system in these tow samples, we need to 
discuss frequency dependent reduced temperature, ε, state function, Ψ, and relaxation 
time, τ.  
 
  
Figure 4-18: For the Φ ~ 9 nm ZnFe2O4 sample (a) variation of Ea with lnf and (b) variation of  Ea with 
(Tf-To),  and for the Φ ~ 90 nm ZnFe2O4 sample (c) variation of Ea with lnf and (d) variation of Ea with 
(Tf-To). Lines are guides for the eye. 
Calculating the characteristic frequency, f0, from equation (3-15), we find that f0 
ranges between 10
9
 Hz and 10
14
 Hz, for the Φ ~ 9 nm sample. Plotting Ea (K) against lnf 
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(Hz) for the Φ ~ 9 nm ZnFe2O4 sample, as shown in Figure 4-18 (a), it is found that Ea 
increases with frequency.  
We summarize the values of Ea for the Φ ~ 9 nm ZnFe2O4 sample at different 
frequencies in Table 4-9, along with the reduced parameter, ε, state function, Ψ, and 
relaxation time, τ. From this table, it is apparent that Ea is in the range of 1.1x10
2
 K to 
4.8x10
2 
K and increases linearly in a proportional manner from 10 Hz to 10 kHz. This 
observation indicates that the investigated sample possesses an SSG ordering with the 
influence of frequency and temperature. The Φ ~ 15 nm and Φ ~ 21 nm ZnFe2O4 
samples also show the same trend with ranges of f0 from 10
7
 Hz to 10
11
 Hz. 
Frequency 
f (Hz) 
lnf 
(Hz) 
Tf (K) Ea (K) ε Ψ (a. u.) τ (sec) 
10 2.30 284.8 (16.9) 1.1(1)x10
2  
2.3(1)x10
-1  
- - 
100 4.61 288.5 (16.9) 2.0(1)x10
2 
 2.2(1)x10
-1  
1.3(4)x10
-2  
1.4(4)x10
-11 
500 6.21 292.1 (17.1) 2.8(1)x10
2 
 2.0(1)x10
-1  
1.8(4)x10
-2 
1.1(1)x10
-12 
1000 6.91 295.8 (17.2) 3.8(2)x10
2 
1.9(4)x10
-1  
4.1(2)x10
-2  
2.0(4)x10
-13 
 
10000 9.21 299.5 (17.3) 4.8(2)x10
2 
1.7(4)x10
1  
1.2(1)x10
-2  
6.8(4)x10
-15 
Table 4-9: Calculated activation energy, Ea, reduced temperature, ε, state function, Ψ, and relaxation 
time, τ, for the Φ ~ 9 nm ZnFe2O4 sample at different frequencies from 10 Hz to 10 kHz. 
The exceptional result is found for the Φ ~ 90 nm ZnFe2O4 sample. In the case 
of this unmilled sample, it is observed that Ea decreases with increasing frequency and 
is negative in value as shown in Figure 4-18 (c) and Figure 4-18 (d) and summarized in 
Table 4-10.  
It is possible to have negative Ea when the reaction rate decreases with 
increasing temperature. In a high-temperature region, the presence of crystallographic 
defects provides some centres for additional acceptors [214, 215]. As frequency 
increases, Ea decreases as a function of temperature and frequency by reducing their 
role as an acceptor.  
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Frequency 
f (Hz) 
lnf 
(Hz) 
Tf (K) Ea (K) ε Ψ (a. u.) τ (sec) 
10 2.30 105.0 (10.2) -1.0(1)x10
2 
 
2.3 (2) 
- - 
100 4.61 110.9 (10.5) -1.5(1)x10
2 
2.7 (2) 5.4(2)x10
-2 
2.9(2)x10
2 
 
500 6.21 116.7 (10.8) -1.9(1)x10
2
  2.0 (1) 7.0(3)x10
-2 
 
2.1(5)x10
1 
 
1000 6.91 122.6 (10.1) -2.2(1)x10
2
  1.9 (1) 1.6(4)x10
-1 
 
3.9(2)x10
0 
 
10000 9.21 128.4(11.3) -2.4(2)x10
2 
 
1.7 (1) 2.0(1)x10
-2  
 
1.5(4)x10
-1
  
Table 4-10: Calculated reduced temperature, ε, activation energy, Ea, state function, Ψ, and relaxation 
time, τ, for the Φ ~ 90 nm ZnFe2O4 sample at different frequencies from 10 Hz to 10 kHz. 
In Chapter 3, equation (3-17) and (3-18) for calculating τ were briefly discussed. 
Theoretically, τ is inversely proportional to f0. The estimated value of τ for all samples 
decreases gradually with increasing frequency. From Table 4-11, the range of f0 and 
corresponding τ for the individual samples are summarized. Depending on the range of 
τ, the samples can be classified into different magnetic ordering preference. For the Φ ~ 
9 nm, Φ ~ 15 nm, and Φ ~ 21 nm ZnFe2O4 samples the relaxation time, τ, varies 
between 10
-15
 sec and 10
-8
 sec, which is considerably lower than that for the Φ ~ 90 nm 
sample where it ranges between 10
-1
 sec and 10
3
 sec.  
F 
(Hz) 
Φ ~ 9 nm Φ ~ 15 nm Φ ~ 21 nm Φ ~ 90 nm 
f0 (Hz) τ (sec) f0 (Hz) τ (sec) f0 (Hz) τ (sec) f0 (Hz) τ (sec) 
10 2.7x10
9
 3.7x10
-10
 2.5x10
7
 4.0x10
-8
 2.3x10
7
 4.3x10
-8
 1.2x10
-4
 8.2x10
3
 
100 6.9x10
10
 1.4x10
-11
 5.6x10
8
 1.7x10
-9
 5.0x10
8
 1.9x10
-9
 3.4x10
-3
 2.8x10
2
 
500 9.0x10
11
 1.1x10
-12
 6.2x10
9
 1.6x10
-10
 5.6x10
9
 1.7x10
-10
 4.7x10
-2
 2.1x10
1
 
1000 4.9x10
12
 2.0x10
-13
 2.8x10
10
 3.4x10
-11
 2.5x10
10
 3.9x10
-11
 2.5x10
-1
 3.9x10
0
 
10000 1.4x10
14
 6.8x10
-15
 6.8x10
11
 1.4x10
-12
 6.0x10
11
 1.6x10
-12
 6.6x10
0
 1.5x10
-1
 
Table 4-11: Calculated characteristic frequency, f0, and relaxation time, τ, for different nanoparticulate 
ZnFe2O4 samples at different frequencies from 10 Hz to 10 kHz. 
In 2003, Goya et al. [145] revealed that the range of τ for a SPM system is from 
10
-11
 sec to 10
-9
 sec. Previously, it was found that the range of τ varies widely between 
10
-13
 sec [216] and 10
-6
 sec [217] for any SPM material. In our investigation, it is 
observed that below 1 kHz frequency, on average, the nanoparticulate samples show a 
SPM preference, with respect to the calculated range of τ. 
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For the ZnFe2O4 samples, τ reduces with decreasing particle size, Φ. This 
observation means that a milled ZnFe2O4 sample (Φ ~ 9 nm) is magnetized more easily 
than an unmilled one (Φ ~ 90 nm). Due to inversion between the (A) and [B] sites, the 
possible core/shell formation allows Fe
2+
-Fe
3+
 interaction as well as dislocation of some 
Fe
3+
 ions gathered on the surface of the shell. Accordingly, the net ferrimagnetism 
improves with milling procedure introduced in a sample, and a strong magnetic 
character develops in a strong AC field. While in the Φ ~ 90 nm sample with less 
inversion, core/shell construction is not present, nor are there any free Fe
3+
 ions. As a 
result, in an AC field, the Φ ~ 90 nm sample requires a longer time for a diverse 
magnetic order to develop, and the ferrimagnetism is suppressed by antiferromagnetism 
at a longer relaxation time than in the other (milled) samples. 
A similar pattern is also applicable in the case of the reduced temperature, ε, 
which is related to Tf and written as equation (3-19). For the investigated samples, ε is 
calculated for the frequency range of interest and the T0 are summarised in Table 4-8. 
The range of ε for the Φ ~ 9 nm, Φ ~ 15 nm, and Φ ~ 21 nm samples is 0.17 to 0.33. 
The values of ε against frequency with the corresponding Tb for the Φ ~ 9 nm to Φ ~ 90 
nm samples are listed in Table 4-12 and plotted in Figure 4-19.  
F 
(Hz) 
Φ ~ 9 nm Φ ~ 15 nm Φ ~ 21 nm Φ ~ 90 nm 
Tf (K) ε Tf (K) ε Tf (K) ε Tf (K) ε 
10 284.8 
(17) 
0.23 
(1) 
263.8 
(16) 
0.33 (1) 263.4 
(16) 
0.33 (1) 105.0 
(10) 
2.34 (2) 
100 288.6 
(17) 
0.22 
(01) 
267.8 
(16) 
0.31 (1) 267.3 
(16) 
0.31 (1) 111.0 
(11) 
2.16 (1) 
500 292.2 
(17) 
0.20 
(1) 
271.5  
(16) 
0.29 (1) 271.0 
(16) 
0.30 (01) 116.7 
(11) 
2.01 (2) 
1000 295.8 
(17) 
0.19 
(1) 
275.3 
(17) 
0.27 (1) 274.8 
(17) 
0.28 (1) 122.6 
(11) 
1.86 (1) 
10000 299.5 
(17) 
0.17 
(1) 
279.1  
(17) 
0.26 (1) 278.6 
(17) 
0.26 (1) 128.4 
(11) 
1.73 (1) 
Table 4-12: Variation of the reduced temperature, ε, and the associated freezing temperature, Tf, for all 
studied ZnFe2O4 samples at different frequencies from 10 Hz to 10 kHz. 
The values of ε confirm the possibility of the presence of an SSG system in our 
samples. From previously discussed magnetic-order-dependent ε by Garcia et al. in 
2006 and Awana in (2006) [218, 219], it is suggested that, for any cluster spin-glass 
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system, ε must be higher than 0.5. In case of the Φ ~ 90 nm sample, we find that ε is 
considerably greater than 0.5 (within the range from 2.34 to 1.73). On the other hand, 
none of the investigated samples, from Φ ~ 9 nm to Φ ~ 21 nm samples, achieves a 
cluster spin-glass system.  
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Figure 4-19: Variation of the reduced temperature, ε, for the Φ ~ 9 nm to Φ ~ 90 nm ZnFe2O4 samples as 
a function of freezing temperature, Tf,  at different frequencies from 10 Hz to 10 kHz. Lines are guides 
for the eye. 
From Figure 4-19, it is found that ε gradually decreases with increasing Tf over 
the investigated frequency range for all samples. At the highest T, ε is the minimum for 
all samples. Therefore, at a higher T, alignments of magnetic moments decrease towards 
zero, and SSG state develops in all samples, with lower susceptibility as well. In the Φ ~ 
9 nm sample, zero alignment of magnetic moments occurs with the lowest ε, at a higher 
temperature compared to the other samples.  
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4.2.2 DC Magnetization Investigation 
The magnetic order preference of a specific nanoparticulate ZnFe2O4 sample due to a 
subordinate moment orientation in a DC field is observed here. From this segment of 
the study, we observe the temperature-dependent DC magnetization, interparticle 
interactions in different samples formed with different mechanical activation, and the 
associated magnetic moment. DC magnetization was examined over a magnetic-field 
range from -1.0 T to 1.0 T at five different temperatures from 5 K to 300 K. All the 
samples show the normal magnetic hysteresis loop below their corresponding freezing 
temperature, Tf, including an increase in coercivity with decreasing inversion.  
4.2.2.1 Magnetization at Different Temperatures 
The DC magnetization of all samples depends on their freezing temperatures, Tf (K). 
For a specific sample, below and above Tf, the magnetization is different which 
indicates that temperature affects the magnetic behavior of that sample. From the 
thermal effect on AC magnetization, we observed that Tf varied from 105 K to 285 K 
for the Φ ~ 90 nm to Φ ~ 9 nm ZnFe2O4 samples (Figure 4-5 and Table 4-3). 
Figure 4-20 shows the variation of DC magnetization of the ZnFe2O4 samples by 
the M-H curves, at five different temperatures from 5 K and 300 K. From these four 
plots, it is found that below certain temperatures, all four samples possess hysteresis 
loops, which is behavior typical of any magnetic material and successive loops above 5 
K are displaces along the vertical axis. 
According to the M-H curves for all investigated samples, as shown in Figure 
4-20, above the respective Tf  the hysteresis loops become negligible with coercivity HC 
→ 0. Tf of all samples is below 300 K, and the hysteresis loops for all samples almost 
disappear completely at 300 K, as shown in Figure 4-21.  
At any temperature above Tf, thermal activation can overcome the 
magnetocrystalline anisotropy of the nanoparticles [17]. As a result, the direction of 
magnetization follows only the direction of the applied magnetic field above Tf. This 
linear magnetization above Tf indicates the presence of paramagnetism in 
nanoparticulate ZnFe2O4 samples which is also correlated with and supports the thermal 
dependence of the AC magnetization investigation.   
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Figure 4-20: The M-H curves for different nanoparticulate ZnFe2O4 samples at different temperatures 
from 5 K to 300 K, below and above the corresponding freezing temperature, Tf.  
Temperature (K) Coercivity HC (T) 
Φ ~ 9 nm Φ ~ 15 nm Φ ~ 21 nm Φ ~ 90 nm 
5 1.49(1)x10
-1 
 1.52(1)x10
-1 
 1.45(1)x10
-1 
 4.55(1)x10
-2 
 
100 3.30(1)x10
-2 
 2.90(1)x10
-2 
 3.30(1)x10
-2 
 2.10(1)x10
-2 
 
150 1.90(1)x10
-2 
 3.00(1)x10
-2 
 2.10(1)x10
-2 
 2.30(1)x10
-2 
 
200 1.60(1)x10
-2 
 2.40(1)x10
-2 
 1.70(1)x10
-2 
 2.30(1)x10
-2 
 
300 9.00(1)x10
-3 
 4.00(1)x10
-3 
 2.10(1)x10
-2 
 2.30(1)x10
-2 
 
Table 4-13: Coercivity, HC, of different nanoparticulate ZnFe2O4 samples at different temperatures 
between 5 K and 300 K. 
 
-0.8 -0.4 0.0 0.4 0.8
-2
0
2
4
6
8
10
12
 
M
a
g
n
e
ti
z
a
ti
o
n
 M
 (

B
/F
.U
.)
 (
O
ff
s
e
t 
V
a
lu
e
s
)
Magnetic Field H (T)
 5 K
 100 K
 150 K
 200 K
 300 K
(b)  ~ 15 nm 
-0.8 -0.4 0.0 0.4 0.8
0
1
2
3
4
 
M
a
g
n
e
ti
z
a
ti
o
n
 M
 (

B
/F
.U
.)
 (
O
ff
s
e
t 
V
a
lu
e
s
)
Magnetic Field H (T)
 5 K
 100 K
 150 K
 200 K
 300 K
(d)  ~ 90 nm
-0.8 -0.4 0.0 0.4 0.8
-2
0
2
4
6
8
10
12
14
 
 
M
a
g
n
e
ti
z
a
ti
o
n
 M
 (

B
/F
.U
.)
 (
O
ff
s
e
t 
V
a
lu
e
s
)
Magnetic Field H (T)
 5 K
 100 K
 150 K
 200 K
 300 K
(a) ~ 9 nm
-0.8 -0.4 0.0 0.4 0.8
-2
0
2
4
6
8
10
12
 
M
a
g
n
e
ti
z
a
ti
o
n
 M
 (

B
/F
.U
.)
 (
O
ff
s
e
t 
V
a
lu
e
s
)
Magnetic Field H (T)
 5 K
 100 K
 150 K
 200 K
 300 K
(c) ~ 21 nm
102 
 
-1.0 -0.5 0.0 0.5 1.0
-1.0
-0.5
0.0
0.5
1.0
 
M
a
g
n
e
ti
z
a
ti
o
n
 M
 (
u
B
/F
.U
.)
Magnetic Field H (T)
~  9nm
 ~ 15 nm
 ~ 21 nm
 ~ 90 nm
 
Figure 4-21:  The M-H curves for different nanoparticulate ZnFe2O4 samples at 300 K. 
At 300 K, the M-H curves for all samples only follow the applied magnetic field 
direction, where the moments do not show paramagnetic preference, with coercivity HC 
= 0 T. Coercivity, HC, is the resistance for any magnetic material to change its 
magnetization without being demagnetized. Table 4-13 shows the variation of HC for all 
samples for different temperatures, and HC of the various samples are plotted against 
temperature in Figure 4-22.  
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Figure 4-22: Coercivity, HC, of different nanoparticulate ZnFe2O4 samples at different temperatures 
between 5 K and 300 K, obtained from the associated M-H loops. Lines are guides for the eye. 
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From Figure 4-22, it is seen that HC of all samples decreases with increasing 
temperature. As the particle sizes of our samples are varied from Φ ~ 90 nm to Φ ~ 9 
nm, there must be a difference in their magnetic behavior. The differences among the 
curves are very tiny for the nanoparticulate ZnFe
2
O
4
 samples in the plotted range of 
Figure 4-22, but when observing closely, it is observed that, at the lowest temperature, a 
larger nanoparticulate sample is related to a smaller HC. A sample with lower HC means 
that a higher Ea is required to overcome the magnetocrystalline anisotropy. 
Consequently, a smaller particulate sample is more superparamagnetic than a larger one. 
From this point of view, the magnetic properties have progressed from Φ ~ 90 nm to Φ 
~ 9 nm.  
4.2.2.2 Magnetic Moment Study from Saturation Magnetization 
Magnetization, M, is an important parameter to understand the magnetic 
behavior of any ferrite. Magnetization is the density of magnetic moment in any 
material. From the M-H curves (Figure 4-20) it is observed that M increases with 
increasing magnetic field. Moreover, it is noticeable that for the Φ ~ 9 nm sample, full 
saturation is absent even at 5.0x10
-1
 T (Figure 4-20 (a)), because of strong A-B 
superexchange interaction which makes the milled sample more of ferrimagnetic type 
than the unmilled sample of the same composition. The absence of MS at a high 
magnetic field is an indication of spin-disorder occurring specifically at the particle 
surface. In this work, saturation magnetization, MS, decreases with increasing particle 
size at all temperatures, as shown in Figure 4-23, and MS for different samples at 
different temperatures are collected in Table 4-14.  
From the hysteresis loops in Figure 4-20, it is seen that M of a magnetic material 
increases proportionally with increasing magnetic field up to a specific range of field 
before becoming saturated, and the respective M is called the saturation magnetization, 
MS. Above the saturation, M increases in a paramagnetic manner, and the rate of change 
of M with changing field is much smaller after attaining saturation [220]. This 
observation indicates that below MS, a sample possesses better magnetic response than 
above MS. From Figure 4-23, it is clear that the magnetization develops more strongly 
as the ZnFe2O4 samples are milled. At the same time, the thermal effect influences the 
magnetization of all samples. 
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Figure 4-23: Variation of saturation magnetization, MS, as a function of particle sizes for  nanoparticulate 
ZnFe2O4 samples at different temperatures between 5 K and 300 K. Lines are guides for the eye. 
 
Temperature 
(K) 
Saturation Magnetization MS (μB/F.U.) 
Φ ~ 9 nm Φ ~ 15 nm Φ ~ 21 nm Φ ~ 90 nm 
5 1.81 (1) 1.51 (1) 1.42 (1) 0.41 (1) 
100 1.64 (1) 1.34 (1) 1.30 (1) 0.41 (1) 
150 1.47 (1) 1.17 (1) 1.17 (1) 0.39 (1) 
200 1.21 (1) 0.99 (1) 0.99 (1) 0.37 (1) 
300 0.86 (1) 0.65 (1) 0.65 (1) 0.33 (1) 
Table 4-14: Saturation magnetization, MS, of different nanoparticulate ZnFe2O4 samples at different 
temperatures from 5 K to 300 K. 
The Φ ~ 9 nm ZnFe2O4 sample possesses a greater MS than the Φ ~ 90 nm 
sample due to a stronger A-B superexchange interaction, as well as, the exchange 
interaction of core and shell spins. We already found that Φ ~ 9 nm ZnFe2O4 is more 
ferrimagnetic type than Φ ~ 90 nm ZnFe2O4. For the Φ ~ 9 nm to Φ ~ 90 nm ZnFe2O4 
samples, MS varies from 1.21 μB/F.U. to 0.37 μB/F.U. at 200 K, and 1.81 μB/F.U. to 0.41 
μB/F.U. at 5 K, respectively. The interparticle interactions increase with decreasing 
particulate size of the samples. Consecutively, MS increases and the samples is more 
ferrimagnetic with a larger density of magnetic dipole moment.  
The thermal effect on magnetic dipole moment is visible in Figure 4-24. At a 
higher temperature (300 K), MS for all samples becomes smaller than that at a lower 
temperature (5 K), which is consistent with the observations of other researchers [177].  
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Figure 4-24: Variation of saturation magnetization, MS, of different nanoparticulate ZnFe2O4 samples as 
a function of temperature from 5 K to 300 K. Lines are guides for the eye. 
The increase in temperature reduces the density of magnetic dipole moments, 
eventually to develop a paramagnetic order or SSG state. As long as the temperature for 
a sample is below the associated Tf, a net magnetization appears with an 
antiferromagnetic or a ferrimagnetic order. For the Φ ~ 90 nm sample, it is found that no 
matter what the temperature is, the density of moment is always low, while the highest 
density of moments is observed for the Φ ~ 9 nm sample. Ferrimagnetism in ZnFe2O4, 
which exists below the corresponding Tf, becomes stronger due to mechanical 
activation,. From the temperature-dependent magnetization study, it is found that 
alignments of magnetic moments decrease in all magnetic fields with increasing 
temperature.  
The value of MS depends on inter- and intraparticle interactions, cation 
distribution, particle spin canting of the shell and core, different kinds of anisotropies, 
and parasites phases [177]. At 5 K and 1.0 T (Figure 4-20(a)), the M-H curve for the Φ 
~ 9 nm ZnFe2O4 sample shows that MS is 1.81 μB/F.U., whereas MS is -2.03 μB/F.U. at -
1.0 T. Different MS in the two high-field regions of the M-H curve is an indication of an 
asymmetrical hysteresis loop which may happen because of the exchange-coupled 
interaction [221]. As mentioned by Kodama et al. in 1997 [222], this interaction can be 
explained by the exchange coupling between the collinear and canted spins in the core 
and shell, respectively. The absence of MS at a higher magnetic field and asymmetry of 
the hysteresis loop indicates that the sample possesses a core and shell structure [93].  
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4.2.2.3 Study of Interparticle Interactions 
Among the three lattice interactions, A-A, B-B, and A-B superexchange interactions, A-
B superexchange interaction is the strongest one. Bulk ZnFe
2
O
4
 has a normal spinel 
structure in which the (A) site is occupied by Zn
2+
 and Fe
2+
 ions, and the [B] site is 
occupied by Fe
2+
 and Fe
3+
 ions. Accordingly, the bulk sample behaves as a weak 
antiferromagnetic material because of the absence of Fe
3+
-Fe
3+
 ferrimagnetic coupling 
on the (A) site below 10 K [13].  
In this study, as mechanical activation is introduced, the ZnFe2O4 samples 
gradually become inverse spinel, as the [B] site is filled with divalent Zn and Fe
 
ions 
and trivalent Fe ions. At the same time, with increasing milling time and mechanical 
activation, some Fe
3+
 ions transfer from the [B] site to the (A) site, which introduces a 
partial inversion in the samples and forms ferrimagnetic clusters because of the strong 
A-B superexchange interactions. This result indicates a stronger magnetization in a 
milled nanoparticulate sample than that in an unmilled or bulk ZnFe2O4 sample [175]. 
As the milling time increases, nanoparticulate ZnFe
2
O
4
 samples show a complex 
magnetic ordering associated with different particle sizes for various temperatures and 
frequencies because of the A-B superexchange interactions.  
Interparticle interactions of the investigated samples are studied by plotting 
M/Ms against H/T for all ZnFe2O4 samples at 100 K, 150 K, 200 K, and 300 K, as 
shown in Figure 4-25. In this figure, the reduced remanence M/MS decreases with 
increasing temperature due to the interparticle interactions [177, 223].  
Non-interacting particles follow the relation HC = HC0[1- (T/Tf)
1/2
] [224] where 
HC0 is the coercivity at T = 0 K. In Figure 4-22, it is shown that the particles of all 
samples are interactive as HC is nonzero at 5 K, and is positive at any temperature above 
Tf for the different samples. At 300 K HC is almost constant for all samples, as moments 
only follow the direction of the applied magnetic field in each sample at 300 K. 
Consequently, MS also decreases with increasing temperature. The A-B interaction is 
less in a bulk sample, and the moments in this sample start following the direction of the 
applied magnetic field at a lower temperature than in any other nanoparticulate samples 
in this investigation.  
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Figure 4-25: H/T vs. normalized magnetization, M/MS, plotted for the (a) Φ ~ 9 nm, (b) Φ ~ 15 nm, (c) Φ 
~ 21 nm, and (d) Φ ~ 90 nm ZnFe2O4 samples at 100 K, 150 K, 200 K, and 300 K. 
The graph plotted for all samples in Figure 4-20 establishes that at 300 K no 
magnetization hysteresis behavior exists with HC = 0 T, which is a typical behavior of a 
superparamagnetic material. In Figure 4-25 the ‘S’ shape fitted lines for the investigated 
samples, at four different temperatures do not overlap, which means that interparticle 
interactions are present in the samples [225]. The ‘S’ shape fitted lines are non-
overlapping because, during inversion between the (A) and [B] sites of samples, 
magnetization changes. Hence interparticle interaction takes place with changing 
particle size, as moment density also changes. Relocation of Fe
2+
 and Fe
3+
 ions between 
the two sites reverses the magnetization in different samples, even when the moments 
only follow the direction of the applied magnetic field, and accordingly, a hysteresis 
loop is absent in the M-H curve. The same behaviour is observed for all of the 
investigated samples as shown in Figure 4-25.  
The Arrott plots for all samples at five different temperatures from 5 K to 300 K, 
are shown in Figure 4-26 [226-228]. From Figure 4-26 (a) to Figure 4-26 (c), it is 
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observed that the Arrott plot for milled samples (Φ ~ 9 nm, Φ ~ 15 nm, and Φ ~ 21 nm) 
at 5 K intercepts with the other plotted lines between 100 K and 300 K, and has a 
negative slope. The negative slope obtained at 5 K confirms the antiferromagnetic to 
ferromagnetic transitions in these samples. Negative slopes are also observed for the 
curves obtained at 100K, 150 K, and 200 K, while, at 300 K, positive slopes are 
observed for the samples Φ ~ 9 nm, Φ ~ 15 nm, and Φ ~ 21 nm, as 300 K is above the 
Tf for these samples (between 263 K to 285 K, observed at 10 Hz and 0 T). The positive 
slope above associated Tf confirms the paramagnetic or SSG state to ferromagnetic 
transition due to the interparticle interactions in these milled samples. The ferrimagnetic 
phase transition is stable for that sample in which stronger superexchange interactions 
between the (A) and [B] sites occur after a long milling time. 
 
Figure 4-26: Square of magnetization, M
2
, plotted against H/M for the (a) Φ ~ 9 nm, (b) Φ ~ 15 nm, (c) 
Φ ~ 21 nm, and (d) Φ ~ 90 nm ZnFe2O4 samples, at 5 K, 100 K, 150 K, 200 K, and 300 K. Lines are 
guides for the eye. 
In the unmilled sample (Φ ~ 90 nm), superexchange interactions decrease in 
such a way that there is a sharp fall of magnetization at a low cooling field and 5 K, 
compared to any other temperature, from 100 K to 300 K. Only the curves at 5 K and 
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100 K have negative slopes, and antiferromagnetic to ferromagnetic transition occurs, 
simultaneously. While as for other temperatures, from 150 K to 300 K (which is above 
Tb = 105 K), curves have positive slopes and accordingly, paramagnetic or SSG state to 
ferromagnetic transition occur at these temperatures. The magnetization of the samples, 
which increases with increasing inversion, is influenced by applying temperature and 
cooling field. 
Analysis of the magnetic phase transition from polarization analysis of neutron 
diffuse scattering of these samples is discussed in Chapter 6, where we observe the 
antiferromagnetic order at a low temperature below 25 K. Similar trends are perceived 
from the Arrott plot at 5 K, where all the samples act antiferromagnetically. As 
temperature increases above 5 K, ferrimagnetic order increase in each sample, as 
indicated by the non-intercepting lines in the Arrott plots (Figure 4-26).  
The lines of the Arrott plot for the Φ ~ 90 nm sample are much closer than for the 
other nanostructured samples. Because of antiferromagnetism, the temperature-
dependent magnetic response is less in this sample and almost negligible (0.75%). On 
the other hand, the temperature-dependent magnetic response is 9%, 7%, and 6% for the 
Φ ~ 9 nm, Φ ~ 15 nm, and Φ ~ 21 nm ZnFe2O4 samples, respectively. This magnetic 
response decreases gradually with increasing particle size as interparticle interactions 
decrease with reducing inversion. Ferrimagnetism is the most influential in the smallest 
nanoparticulate ZnFe2O4 sample (Φ ~ 9 nm), and antiferromagnetism is the most active 
in the bulk sample (Φ ~ 90 nm). At 5 K, all the samples possess some antiferromagnetic 
order, which coexists with the ferrimagnetic order that increases above 5 K with 
increasing inversion.  
 Conclusions 4.3
The structural and magnetic behaviors of the Φ ~ 9 nm, Φ ~ 15 nm, Φ ~ 21 nm, and Φ ~ 
90 nm ZnFe2O4 samples have been investigated by different techniques and interpreted 
by utilizing the appropriate equations discussed in Chapter 3. We have observed the AC 
and DC magnetization of the samples as well. 
The single-phase formation and the average particle sizes of the studied samples 
are confirmed by XRD patterns of corresponding samples. From the Debye-Scherrer’s 
equation, the average particle sizes of the samples are found as (approximately) Φ ~ 8 
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nm, Φ ~ 15 nm, Φ ~ 19 nm and Φ ~ 85 nm, associated with the milling time 0 h to 1 h. 
From Rietveld refinement, it is found that the samples are cubic spinel ferrite and 
belong to the Fd3m space group. From FESEM micrographs, the particulate sizes of the 
samples are found from Φ ~ 11 nm to Φ ~ 92 nm with increasing milling time. The 
average particle-size measurements of the samples show insignificant deviations 
amongst the observations obtained from the analysis of XRD and FESEM micrographs. 
Consequently, we denote the samples, for the experimental analysis and observations, 
as Φ ~ 9 nm, Φ ~ 15 nm, Φ ~ 21 nm, and Φ ~ 90 nm.  
The AC and DC magnetizations of the samples are performed to understand the 
magnetic order and transformation of magnetic behavior with changing the particulate 
size of ZnFe2O4. Simultaneously, we investigate the influence of physical properties: 
temperature, cooling field along with biasing field, and frequency, on different 
nanostructured samples. 
The AC magnetization data analysis performed at different frequencies and 
cooling magnetic fields, shows the superspin-glass (SSG) and superparamagnetic 
(SPM) transition in the studied samples. The freezing temperatures (Tf) for different 
samples are observed from the conventional χ–T curve and we found that Tf varies from 
285 K to 105 K, for the Φ ~ 9 nm to Φ ~ 90 nm samples, respectively. From this study, 
we observe a regular decrease in χ from 5.3x10
20
 μB/T to 1.8x10
20
 μB/T (at 10 Hz and 0 
T) for the Φ ~ 9 nm to Φ ~ 90 nm samples, respectively. Moreover, a smaller sample (Φ 
~ 9 nm) possesses almost four times higher χ than a larger sample (Φ ~ 90 nm). This 
observation indicates increasing magnetic moment density from bulk to nanostructured 
ZnFe2O4. Frequency and cooling field influence the magnetic moment for all samples. 
The thermal effect on AC magnetization shows the magnetic-order transformation in the 
ZnFe2O4 samples from the antiferromagnetic to the ferrimagnetic order, along with SSG 
nature. Therefore, the superperamagnetism develops in the ZnFe2O4 samples with 
decreasing particle size due to thermal effect. 
  The calculated activation energy, Ea, for the Φ ~ 9 nm sample is smaller than 
that for the Φ ~ 90 nm sample, observed at the cooling field, H, varied from 0 T to 
1.6x10
-1
 T. For this range of H (at 5 K), the samples experience a continuous fall in Ea, 
from 9.1x10
-1 
K to 1.0x10
-1
 K with decreasing inversion parameter from 0.35 to 0.008 
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(observed at 10 Hz). Therefore, the mechanical activation made the ZnFe2O4 samples 
stable more readily with a lower Ea, on which thermal effect has insignificant influence.  
The developing trend of magnetic orders in different samples is observed by 
investigating the frequency-dependent, Ea, the state function, Ψ, the relaxation time, τ, 
and the reduced temperature parameter, ε. The frequency-dependent Ea supports the 
temperature-dependent Ea and decreases by reducing the particulate size from Φ ~ 90 
nm to Φ ~ 9 nm. This study confirms a more readily magnetic-order transformation in a 
milled ZnFe2O4 sample. 
The calculated range of Ψ increases from 10
-2
 to 10
-1
 with increasing particle 
size in different samples. With increasing mechanical activation, an SSG system 
develops in ZnFe2O4 samples. The range of τ increases from 10
-13
 sec to 10
-8
 sec with 
decreasing particulate size, which supports the increasing SSG ordering in samples of 
gradually decreasing particle size. With the range of ε varying from 0.17 to 0.33 for the 
Φ ~ 9 nm to Φ ~ 21 nm samples, the SSG order expands from a larger to a smaller 
sample. The Φ ~ 90 nm sample has an SSG system with the value of ε from 1.73 to 2.34 
which are much higher than 0.5, typical of an SPM system. For the investigated 
samples, co-existence of superspin-glass order is observed by the calculated range of τ 
being from 10
-8
 sec to 10
-13 
sec.  
The DC magnetization investigation confirms the shell and core formation in 
ZnFe2O4 samples due to mechanical activation. The absence of saturation 
magnetization, MS, even at 5x10
-1
 T in the M-H curve indicates the exchange 
interactions among the spins from the core and shell in nanostructured samples. All 
samples possess an S-shaped M-H curve with zero coercivity, HC, and consequently, the 
samples become paramagnetic. HC with a lower value in all samples confirms the SPM 
behavior, which is variable with the particulate size of samples. Higher HC for milled 
samples in this work is an indication of a stronger SPM system in those samples. 
Accordingly, the Φ ~ 9 nm sample is more superparamagnetic than the unmilled Φ ~ 90 
nm one. 
The Φ ~ 9 nm ZnFe2O4 sample has a higher MS than that of the Φ ~ 90 nm 
sample because of the existence of stronger A-B superexchange interactions in the 
milled sample. This investigation reveals the presence of a gradually increasing 
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ferrimagnetism for smaller samples. The increasingly developed curve obtained from 
the H/MS vs. M
2 
plotting also suggests the developing ferrimagnetic order in smaller 
samples. At the same time, the absence of spontaneous magnetization in all investigated 
samples indicates a short-range magnetic order which is typically found to be in a spin-
glass system with ferromagnetic clusters. The non-overlapping curves from the H/T vs. 
M/MS plotting, at different temperatures, indicate the development of interparticle 
interactions from the Φ ~ 90 nm to Φ ~ 9 nm samples.    
From this study, the magnetic characterization of ZnFe2O4 samples suggests the 
redistribution of ions across the (A) and [B] sites due to mechanical activation. The 
redistribution of cations leads to the co-existence of the SPM with the SSG system in 
different ZnFe2O4 samples with decreasing average particle size from Φ ~ 90 nm to Φ ~ 
9 nm, which strengthens the ferrimagnetism and weakens antiferromagnetism. 
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Chapter 5 
 
5 Magnetic-Order Transformation of 
Mechanochemically Synthesized 
Nanoparticulate MgFe2O4  
 
A series of MgFe2O4 samples are prepared to investigate the magnetic structure and 
compare it with the series of nanostructured ZnFe2O4 samples, as both compositions are 
divalent soft spinel ferrite and belong to the same space group, Fd3m.The general 
formula of these two materials are the same, MFe2O4, where M is replaced by the 
divalent Zn or Mg ion. For ease of comparison, we chose the particulate sizes of the 
samples of the investigated MgFe2O4 series to be the same as for the ZnFe2O4 series. 
MgFe2O4 samples were prepared for this project by the mechanochemical synthesis 
route, and structural and magnetic characterizations are performed to compare with the 
results observed for the ZnFe2O4 samples. 
Similar to the last chapter describing the characterization of the structural and 
magnetic properties of ZnFe2O4, we divide this chapter into two subsegments: 
i) Experimentation of structural properties; and 
ii) Investigation of the magnetic orders through AC and DC magnetization analysis. 
The techniques and analysis approaches for the physical and chemical 
investigation of the MgFe2O4 series are the same as for the ZnFe2O4 series.  
 Structural Characterization of Nanoparticulate 5.1
MgFe2O4 
Structural characterization of nanostructured MgFe2O4 samples were investigated by an 
X-ray diffractometer (XRD) and field-emission scanning-electron microscope 
(FESEM). The research techniques and analysis methods to discuss the physical 
properties of the samples by analyzing the relevant XRD patterns and FESEM 
micrographs were discussed in Chapter 3.  
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5.1.1 X-Ray Diffraction Data (XRD) Analysis  
We operated the MacScience MX18HF Diffractometer with CuKα radiation with λ = 
1.5418Å for the X-ray diffraction of the MgFe2O4 series. X-ray diffraction data analysis 
is done to confirm the single-phase nature and the average particle size (Φ nm) 
measurement of the individual samples. The XRD patterns were taken after ball milling 
the samples for 0 h, 1 h, 2 h, and 4.57 h with a 0.014
o
 step size in the 2θ range, from 20
o
 
to 90
o
. Figure 5-1 shows the XRD patterns of four different particulate-sized MgFe2O4 
samples and for the JCPDS PDF card number-01-88-1943 [162]. This JCPDS PDF card 
is utilized for detecting the characteristic peaks in the XRD patterns and FullProf 
Rietveld refinement [165, 197, 198].  
 
Figure 5-1: The X-ray diffraction patterns of the nanoparticulate MgFe2O4 samples of our interest, with Φ 
~ 9 nm, Φ ~ 15 nm, Φ ~ 21 nm, and Φ ~ 90 nm, and for JCPDS PDF card number-01-88-1943 [162]. 
The XRD patterns for all the samples, reveal the single-phase formation of the 
samples with sharp peaks at lattice planes (220), (311), (400), (511), and (440), which 
confirm that the samples are cubic spinel MgFe2O4 [229]. Rietveld refinement confirms 
that samples belong to the Fd3m space group [206] just as for the ZnFe2O4 samples. 
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The particulate sizes of the samples for different milling period are measured, and 
yielded Φ ~ 10 (3) nm, Φ ~ 18 (4) nm, Φ ~ 20 (4) nm, and Φ ~ 88 (9) nm, by the Debye-
Scherrer’s equation (3-7). Table 5-1 presents the nominal and measured particle sizes, 
the milling time, lattice constant (a), and calculated density, (ρcalc), acquired from the 
XRD data analysis. 
Size Φ nm 
(nominal) 
Measured 
Particle Size Φ 
(nm) 
Milling time 
(hr) 
Cell parameter 
a (Å) 
Density ρcalc 
Kg/m
3
 
Bulk Standard - - 8.401 (3) 4.48(7)x10
3 
 
9 10 (3) 4.57 8.367 (3) 4.54(7)x10
3  
15 18 (4) 2.0 8.377 (3) 4.52(7)x10
3 
 
21 20 (4) 1.0 8.385 (3) 4.48(7)x10
3 
 
90 88 (9) 0.0 8.391 (3) 4.49(7)x10
3 
 
Table 5-1: Data from the Rietveld refinement of the investigated nanoparticulate MgFe2O4 series from 
the X-ray diffraction data. 
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Figure 5-2: Variation of lattice parameters of MgFe2O4 samples as a function of particle size, 
from Φ ~ 9 nm to Φ ~ 90 nm, obtained from the Rietveld refinement. 
From Table 5-1, it is found that the lattice parameter, a, decreases with 
increasing milling time which can be explained by the cationic stoichiometry [7]. The 
ionic radii of Mg
2+
 and Fe
3+
 ions are 7.1x10
-11
 m and 6.3x10
-11
 m, respectively. Because 
of mechanical activation, the cation distribution on both ion sites changes in such a way 
that the (A) site is occupied by a relatively large number of Fe
3+
 ions. As the bigger 
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Mg
2+
 ions on the (A) site are replaced by the smaller Fe
3+
 ions, the lattice constant, a, 
decreases from 8.391 (1) Å to 8.367 (1) Å with increasing milling time from 0 h to 4.57 
h. The variation of cell parameter or lattice constant with corresponding particle size, Φ 
(nm), is presented in Figure 5-2.  
Simultaneously, the calculated density, ρcalc (kg/m
3
), increases from 4.49 (7)x10
3
 
kg/m
3 
to 4.54 (7)x10
3
 kg/m
3 
because density is inversely proportional to volume. From 
XRD analysis of mechanochemically manufactured MgFe2O4 samples, it is found that 
the samples are cubic spinel ferrites belonging to the Fd3m with different particulate 
sizes varied between Φ ~ 10 nm and Φ ~ 88 nm.  
5.1.2 Field-Emission Scanning-Electron Microscopy (FESEM) 
Study 
The FESEM micrographs for all four nanoparticulate MgFe2O4 samples are 
shown in Figure 5-3, which are analyzed to obtain the average particulate size of 
individual sample for a considerable number of particles (15).  
 
Figure 5-3: The FESEM micrographs of four different nanoparticulate MgFe2O4 samples. 
The average particle sizes of the samples are measured manually from these 
micrographs and summarized in Table 5-2, along with the mean particle sizes obtained 
by applying the Debye-Scherrer’s equation (3-7) from the XRD patterns. The FESEM 
(b) Φ ~ 15 nm 
(c) Φ ~ 21 nm (d) Φ ~ 90 nm                                           
(a) Φ ~ 9 nm 
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micrograph analysis reveals that the mean particle sizes of the investigated samples are 
between Φ ~ 11 nm and Φ ~ 80 nm. The mean particle sizes are also measured by a 
Gaussian fit to the diameters of selected particles from the micrograph of a specific 
sample. According to the Gaussian peak fit, the particle sizes of the samples are varied 
between Φ ~ 11 nm and Φ ~ 84 nm with a deviation between 0.68 (3) nm and 2.71 (9) 
nm from the calculated particle size obtained from the FESEM micrographs. 
Nominal 
Particle Size  
Φ (nm) 
Mean Particle 
Size by XRD 
Φ (nm) 
Mean Particle Size Φc 
(nm)  
(FESEM) 
Mean Particle Size 
Xc (nm) ~ 
(Gaussian fitting 
from FESEM) 
9 10 (3) 11 (3) 11 (3) 
15 18 (4) 15 (4) 17 (4) 
21 20 (4) 19 (4) 26 (5) 
90 88 (9) 80 (9) 84 (9) 
Table 5-2: Average particle size, Φ, of the investigated nanoparticulate MgFe2O4 samples from XRD 
analysis and FESEM micrograph exploration. 
By comparing the XRD and FESEM analysis, we find some deviations in 
average particle sizes of the samples, but they are insignificant compared to the spread 
for a particular sample. Therefore, we consider the nominal sizes for the MgFe2O4 in 
this discussion to be Φ ~ 9 nm, Φ ~ 15 nm, Φ ~ 21 nm, and Φ ~ 90 nm, which are 
obtained after the milling time 0 h, 1 hr, 2 hr, and 4.57 hr, respectively.  
The FESEM micrographs of the samples in Figure 5-3, show that the individual 
grains are roughly spherical and have clear boundaries. The grains are more evenly 
distributed in the Φ ~ 9 nm and Φ ~ 15 nm samples than in the other two samples. This 
difference in the particle distribution is due to the interactions among the particles 
which indicate the development of various magnetic behaviors with the mechanical 
activation. From the micrographs, it is evident that as the sample becomes smaller with 
increasing milling time, the grains become more compact and more evenly distributed.  
 Magnetic Characterization of Nanoparticulate 5.2
MgFe2O4 
Magnetic properties of spinel ferrites have been of great interest to several researchers 
for a long time for their unique magnetic characteristics and use in daily life. A few 
investigations earlier on MgFe2O4 revealed its magnetic characteristics [16-20]. In this 
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work a 9-T Physical Property Measurement System (PPMS
TM
), situated at ACNS, 
ANSTO, was used to study the magnetization of nanoparticulate MgFe2O4 samples. In 
this segment, we discuss the effect of variation of temperature, magnetic field, and 
frequency on the magnetization of MgFe2O4 samples of different particulate sizes. From 
this discussion, we aim to observe the transformation and increase of the magnetic order 
in MgFe2O4 samples as a function of particulate size. 
5.2.1 AC Magnetization Investigation 
We set the experimental sequence in the PPMS
TM
 to observe the influence of AC field 
on the magnetic moment of MgFe2O4 samples. The sequence was executed at 1.5x10
-3
 
T biasing field over the temperature range from 2 K to 380 K and each time for cooling 
fields of 0 T, 5.0x10
-3
 T, 1.0x10
-2
 T, 2.0x10
-2
 T, 4.0x10
-2
 T, 8.0x10
-2
 T, and 1.6x10
-1
 T. 
Each of the sequences for the different cooling fields measured the moments for the 
frequencies 1 Hz, 100 Hz, 500 Hz, 1 kHz, and 10 kHz. The magnetic moments vary 
with inversion introduced by mechanical activation. 
5.2.1.1 Particle-Size-Dependent Freezing Temperature 
The thermal effect on AC magnetization of nanoparticulate MgFe2O4 samples in this 
work follows a few techniques as done previously by a few other scientists [17, 19], and 
in Chapter 4, for our nanoparticulate ZnFe2O4 samples. According to the previous 
discussion on the AC magnetization of the series of ZnFe2O4 samples, we found that the 
freezing temperature, Tf (K), decreases with increasing particulate size, Φ (nm). The 
MgFe2O4 samples also follow the same trend. 
MgFe2O4 is a spinel ferrite consisting of a cubic close-packed structure of 32 
oxygen anions with one (A) and two [B] sites per formula unit of (A)
2+
[B]
3+
2O4 [230]. 
The cation distribution becomes complex with introducing mechanical activation. 
Moreover, the distribution of cations across the (A) and [B] sites varies with 
temperature. At a low temperature, Fe
2+
 and Fe
3+
 ions redistribute over different sites, 
and the cations diffuse through the crystal structure of the spinel ferrite. The main 
impact is on the inversion parameter which changes the status of a spinel ferrite and 
may transform a normal spinel into an inverse spinel or a mixed spinel with an inversion 
fraction 2/3. Accordingly, with the change of temperature, as well as the particle size, 
the magnetic ordering changes considerably. 
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According to Néel [231] and Blasse [32], the magnetic structure of any 
ferrimagnetic material depends on the inter-site and intra-site magnetic interactions 
among the ions on different sites. Conceptually, the Curie temperature, TC (K), Tb and Tf 
dependent susceptibilities show the same manner as a function of variable temperature. 
As above Tb, a spinel ferrite behaves as a paramagnetic material and above Tf behaves 
as spin-glass, it is important to study the Tb or Tf  to understand the overall magnetic 
ordering of a MgFe2O4 sample.  
The mathematical relation of the AC susceptibility, χ (μb/T), with temperature 
for magnetic transition or temperature for blocking moments from taking the direction 
of magnetization, is similar to that of χ and TC in the Curie-Weiss law (1970) and shown 
in equation (3-8). According to this equation, χ of any material increases with increasing 
temperature up to a specific temperature. Then it decreases with further increase in 
temperature and behaves as Curie-Weiss paramagnetic material. From Figure 5-4, we 
observe that Tb of nanoparticulate MgFe2O4 samples, with particle size from Φ ~ 9 nm 
to Φ ~ 21 nm, at 0 T and 10 Hz. 
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Figure 5-4: Variation of AC susceptibility, χ, against temperature for all MgFe2O4 samples between Φ ~ 
9 nm and Φ ~ 21 nm, at 10 Hz and 0 T. Arrows indicate the visually estimated values of Tb. 
According to Figure 5-4, it is observed that Tb decreases with increasing Φ, i. e., 
the Φ ~ 21 nm sample has Tb = 219 K, which is less than the Tb = 338 K observed for 
the Φ ~ 9 nm sample. A lower Tb indicates that the moments are blocked at a lower 
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temperature from aligning in a particular direction ferrimagnetically or 
antiferromagnetically, and therefore, the material behaves like a paramagnetic material. 
As we compare this observation with that of ZnFe2O4 samples in Figure 4-5, we 
find that both compositions follow the same trend of variation of Tb as a function of 
particle size of samples. In both cases, Tb decreases with increasing particle size. With 
increasing temperature, interparticle interactions occur in nanoparticulate sample and 
paramagnetism establishes there. In this case Tb of the investigated samples are quite 
high, which is due to the significant dipole-dipole interaction, which is quite higher than 
in a paramagnetic material. The associated temperature which causes significant 
interparticle interaction and blocks the moment from aligning in a direction of easy-
magnetization, is represented as Tf. Above Tf the samples are more like spin-glasses 
than paramagnets. As similar as done in case of magnetization investigation of 
ZnFe2O4, we use equation (3-10) to measure the divergence of the nonlinear 
susceptibility, χ3, for the superspin glass (SSG) transition in ZFC protocol. The plotted 
lines in Figure 5-5, χ3 against temperature, distinguish between superspin glass (SSG) 
state and paramagnetic order with the corresponding temperature to block moments 
with zero magnetization.   
 
Figure 5-5: Variation of the divergence of the nonlinear susceptibility, χ3, for the (a) Φ ~ 9 nm and (b) Φ 
~ 90 nm MgFe2O4 samples at 1x10
-2 
T magnetic field for variable frequency, from 10 Hz to 10 kHz. 
Lines are guides for the eye. 
Figure 5-5 shows the divergence of the nonlinear susceptibility, χ3, for the (a) Φ 
~ 9 nm and (b) Φ ~ 90 nm MgFe2O4 samples at 1x
10-2 
magnetic field for variable 
frequency, from 10 Hz to 10 kHz. The divergent lines, without any rounded-peak 
maximum, confirm the SSG state at corresponding Tf. Therefore, the temperature at 
which moments are blocked by the anisotropy barrier with zero magnetization and form 
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superspin glass state is Tf. Moreover, it is observed that SSG transition speed up with 
increasing milling, i.e., smaller MgFe2O4 (Φ ~ 9 nm) shows more spin-glass nature than 
a larger sample (Φ ~ 90 nm).  
As unmilled MgFe2O4 is an inverse spinel, Fe
3+
 ions occupy the (A) site and 
share the [B] site equally along with Mg
2+
 and Fe
2+
 ions. At a higher temperature, the 
cation distribution remains such that the net magnetization originates from Fe
3+
 ions, 
which have larger moments than Fe
2+
 ions. As a result, a bulk MgFe2O4 sample 
becomes more magnetic with a greater ferrimagnetic moment at the (A) site than the 
[B]-site antiferromagnetic moment.  
Increasing temperature easily introduces a perturbation in the moment alignment 
in any of the MgFe2O4 samples with preference for antiferromagnetic alignment, after 
reaching TN. For the Φ ~ 9 nm sample, the ionic distribution is different from the bulk 
MgFe2O4 sample. With increasing mechanical activation, a few Fe
3+
 ions are transferred 
from the (A) to the [B] site, while Fe
2+
 and Mg
2+
 ions are transferred to the (A) site 
from the [B] site. Consequently, the ratio of divalent and trivalent cations distribution 
gradually becomes proportionally equal on both sites. We know that the 
antiferromagnetism originates due to the Fe
3+ 
ions distribution on the [B] sites. In the Φ 
~ 9 nm MgFe2O4 sample, with transfer of Fe
3+
 ions from the (A) site to the [B] site, 
antiferromagnetism dominated there. Accordingly, the moment density, i.e., χ, decreases 
with decreasing particle size, Φ.  
Additionally, the ion coupling across the (A) and [B] sites also add to the 
antiferromagnetism in a milled sample. Ferrimagnetism exists in a nanoparticulate 
MgFe2O4 sample due to the [B]-site Fe
3+
 ions, and in the presence of an AC field, it 
requires a higher temperature to diminish the strong ferrimagnetic alignment of the ions. 
We find that it is not until nearly 350 K, that the Φ ~ 9 nm sample behaves as a SSG 
(Figure 5-4). 
Table 5-3 lists the Tf and χ of different MgFe2O4 samples, observed at 10 Hz 
and 10 kHz. From Table 5-3 and the plotted lines in Figure 5-6, we see that at both 
frequencies, Tf decreases with increasing particle size, which is also supported by the 
variation of Tf with identical particle size for the ZnFe2O4 samples (Figure 4-9). The 
only difference between the trends of Tf for these two compositions is that MgFe2O4 
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transforms from an inverse spinel to a mixed spinel and ZnFe2O4 transforms from a 
normal spinel to an inverse spinel following mechanical activation. In both cases, with 
increasing mechanical activation, the cation distribution over the whole crystal structure 
transfers the magnetic ordering with the requirement of a higher T for moment 
alignment as SSG state. 
8 10 12 14 16 18 20 22
150
180
210
240
270
300
330
360
 
 
 MgFe
2
O
4
_T
f
_10 Hz
 MgFe
2
O
4
_T
f
_10 kHz
 ZnFe
2
O
4
_T
f
_10 Hz
Particle Size  (nm)
F
re
e
z
in
g
 T
e
m
p
e
ra
tu
re
 T
f 
(K
)
 
 
Figure 5-6: Variation of freezing  temperature, Tf, of MgFe2O4 samples at 10 Hz and 10 kHz and 0 T, 
compared with the variation of Tf for ZnFe2O4 samples obtained at 10 Hz and 0 T. Lines are guide to the 
eye. 
Particle 
Size Φ 
(nm) 
Freezing 
Temperature 
Tf (K) at 10 
Hz 
AC Susceptibility 
χ (μB/T) at 10 Hz 
Freezing 
Temperature Tf 
(K) at 10 kHz 
AC Susceptibility χ 
(μB/T) at 10 kHz 
9 338 (18) 1.2(5)x10
20 
 335 (18) 1.13(5)x10
20
  
15 220 (14) 1.6(6)x10
20
  238 (15) 1.55(6)x10
20
  
21 219 (14) 2.6(8)x10
20
  214 (14) 2.58(7)x10
20
  
Table 5-3: Freezing temperature, Tf, and AC susceptibility, χ, of different MgFe2O4 samples at 10 Hz and 
10 kHz.  
We see from the Table 5-3 and Figure 5-6 that Tf for MgFe2O4 samples with the 
variation of frequency is almost the same. Due to the strong magnetic field imposed by 
the AC field, the frequency has no influence on the moment alignment. For more 
clarity, we present Tf in Table 5-4 and Table 5-5, for the Φ ~ 9 nm to Φ ~ 21 nm 
MgFe2O4 samples at 10 Hz and 10 kHz and different cooling field, H varied from 0 T to 
1.6x10
-1
 T. 
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Magnetic Field H 
(T) 
Freezing temperature Tf (K) at 10 Hz 
Φ ~ 9 nm Φ ~ 15 nm Φ ~ 21 nm 
0 338.4 (18.4) 264.4 (16.2) 219.3 (14.8) 
5x10
-3
 349.5 (18.7) 244.0 (15.6) 219.6 (14.8) 
1x10
-2
 350.0 (18.7) 219.9 (14.8) 218.2 (14.7) 
2x10
-2
 350.8 (18.7) 242.1 (15.5) 217.0 (14.7) 
4x10
-2
 351.1 (18.7)  221.8 (14.8) 219.1 (14.8) 
8x10
-2
 351.1 (18.7) 241.1 (15.5) 218.3 (14.7) 
1.6x10
-1
 336.0 (18.3) 242.0 (15.5) 220.2 (14.8) 
Table 5-4: Freezing temperature, Tf, of different MgFe2O4 samples in a magnetic field, H, from 0 T to 
1.6x10
-1
 T, at 10 Hz. 
 
Magnetic Field 
H (T) 
Freezing temperature Tf (K) at 10 kHz 
Φ ~ 9 nm Φ ~ 15 nm Φ ~ 21 nm 
0 334.5 (18.2) 213.7 (14.6) 213.8 (14.6) 
5x10
-3
 299.8 (17.3) 239.0 (15.6) 218.9 (14.8) 
1x10
-2
 283.8 (16.8) 237.5 (15.4) 216.2 (14.7) 
2x10
-2
 302.4 (17.3) 236.7 (15.3) 219.0 (14.8) 
4x10
-2
 347.7 (18.6) 238.9 (15.4) 213.6 (14.6) 
8x10
-2
 350.0 (18.7) 235.7 (15.3) 237.6 (15.4) 
1.6x10
-1
 350.1 (18.7) 212.8 (14.5) 214.6 (14.6) 
Table 5-5: Freezing temperature, Tf, of different MgFe2O4 samples in a magnetic field, H, from 0 T to 
1.6x10
-1
 T, at 10 kHz. 
From Table 5-4 and Table 5-5, we observe that at all cooling fields, from 0 T to 
1.6x10
-1
 T, Tf for a milled sample is higher than for an unmilled one. At both 
frequencies, the variation of Tf follows an irregular trend with the change of cooling 
field. The rate of change of Tf with the variation of H, for the Φ ~ 9 nm, Φ ~ 15 nm, and 
Φ ~ 21 nm are respectively around 4%, 16%, and less than 1% for the overall range of 
Tf. The impact on the magnetic behavior of MgFe2O4 samples with the variation of H is 
suppressed in the presence of an AC field. The moments of the samples are strongly 
biased with the AC field. This observation is similar to the investigation of Tf with 
different cooling fields for the ZnFe2O4 samples. Regardless of particle size, the 
variation of H has no considerable impact on the magnetic ordering.  
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The variation of frequency, from 10 Hz to 10 kHz, does not have any regular 
trend of impact on Tf to overcome the magnetic anisotropy to become SSG. Table 5-6 
illustrates the variation of Tf for the Φ ~ 9 nm to Φ ~ 21 nm samples at different 
frequencies, from 10 Hz to 10 kHz (observed at 0 T). 
Frequency f (Hz) Freezing temperature Tf (K) at 0 T 
Φ ~ 9 nm Φ ~ 15 nm Φ ~ 21 nm 
10 338.4 (18.4) 264.4 (16.2) 219.3 (14.8) 
100 341.2 (18.4) 224.5 (14.9) 223.8 (14.9) 
500 343.9 (18.5) 228.8 (15.1) 228.0 (15.1) 
1000 331.6 (18.2) 233.3 (15.2) 209.1 (14.4) 
10000 334.5 (18.2) 213.7 (14.6) 213.8 (14.6) 
Table 5-6: Freezing temperature, Tf, of nanoparticulate MgFe2O4 samples, with particle size from Φ ~ 9 
nm to Φ ~ 21 nm, at different frequencies from 10 Hz to 10 kHz, observed at 0 T. 
The rates of change of Tf over the experimental frequency range are 19%, 11%, 
and 10% for the Φ ~ 9 nm, Φ ~ 15 nm, and Φ ~ 21 nm samples, respectively. It is found 
that with the increasing inversion between two cationic sites, (A) and [B], by 
mechanical activation, the rate of change of Tf increases with increasing frequency. 
Comparatively transformation of magnetic ordering in a milled sample responds more 
readily than that in an unmilled one, so that more cationic redistribution occurs and 
accordingly, superparamagnetism establishes there more favorably. From this 
observation, we find coexistent paramagnetism and SSG state with antiferromagnetism 
and ferrimagnetism [17] in nanoparticulate MgFe2O4 samples, similar to that in 
nanoparticulate ZnFe2O4 samples. 
5.2.1.2 Particle-Size-Dependent AC Susceptibility 
Investigation of the magnetic order of our MgFe2O4 series is extended by studying the 
AC susceptibility, χ (μb/T), as a function of particle size, Φ (nm), along with frequency, 
f (Hz), and cooling field, H (T). With increasing temperature, χ improves for all the 
samples in all examined fields, H, according to the Curies-Weiss law. In Figure 5-7 and 
Figure 5-8, the variation of χ within the temperature range from 2 K to 380 K is 
observed for the Φ ~ 9 nm and Φ ~ 21 nm MgFe2O4 samples, at 0 T and for five distinct 
frequencies varied from 10 Hz to 10 kHz. On the other hand it is seen that χ varies 
insignificantly as a function of frequency in the T vs. χ plot. According to this 
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observation, χ is of the order of 10
20
, which is acceptable as compared with the range 
obtained for different particulate MgFe2O4 samples by Chen and Zhang in 1998 [17].  
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Figure 5-7: Variation of AC susceptibility, χ, against temperature for the Φ ~ 9 nm MgFe2O4 sample, 
observed at 0 T and five different frequencies from 10 Hz to 10 kHz. Lines are guides for the eye. 
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Figure 5-8: Variation of AC susceptibility, χ, as a function of temperature for the Φ ~ 21 nm MgFe2O4 
sample, observed at 0 T and five different frequencies from 10 Hz to 10 kHz. Lines are guides for the eye. 
The lines in Figure 5-7 and Figure 5-8, obtained for different frequencies, 
maintain a regular trend for 10 Hz to 10 kHz with the almost same value of Tf at 
different frequencies. From Figure 5-7, we see that for the Φ ~ 9 nm sample, χ gradually 
decreases from 1.16x10
20
 μB/T to 1.13x10
20 
μB/T with increasing frequency from 10 Hz 
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to 10 kHz, corresponding to Tf = 338 K and Tf = 335 K, respectively. A higher value of 
χ at lower frequency interprets into strong magnetization. As well, for the Φ ~ 21 nm 
MgFe2O4 samples (Figure 5-8), we find that χ varies from 2.64x10
20
 μB/T to 2.58x10
20
 
μB/T, corresponding to Tf = 219 K and Tf = 214 K, at 10 Hz and 10 kHz, respectively. 
We find that χ changes significantly as a function of particle size, as the value of χ for 
the Φ ~ 21 nm sample is around twice that of the Φ ~ 9 nm sample.  
As magnetization, M (μB/F.U.), is directly proportional to χ according to 
equation (3-9), M increases more for a less-milled MgFe2O4 sample than for a highly-
milled sample, in this investigation. That means, the less-milled sample is influenced 
magnetically more strongly than a highly-milled sample in an AC field, which is just the 
opposite trend observed for nanoparticulate ZnFe2O4 samples (Figure 4-5), where a 
milled sample is associated with an increasing χ value. 
The Φ ~ 21 nm (less-milled) MgFe2O4 sample contains more Fe
3+
 ions on the 
(A) site than does the Φ ~ 9 nm (highly-milled) sample, where possibly the ratio of 
divalent and trivalent cations distributed across all sites is almost equal. With less 
mechanical activation, more antiferromagnetic coupling occurs between the (A) and [B] 
sites, according to the model represented by Shull et al. [41]. We know from the model 
of Fayek et al. [42] that antiferromagnetism is only due to the [B]- site Fe
3+
 ions. In the 
current study, due to mechanical activation, the cations redistribute across the (A) and 
[B] sites in a highly-milled MgFe2O4 sample, and more F
3+
 ions deposit on the [B] site 
than in a less milled sample. As a result, the antiferromagnetic order becomes stronger 
and the ferrimagnetic order becomes weaker, originating from the Fe
3+
-Fe
3+
 
ferrimagnetic coupling on the (A) site. Therefore, a highly-milled MgFe2O4 sample 
becomes more antiferromagnetic than a less milled one, with lower χ, as well as, lower 
M. 
In addition to this, Figure 5-9 shows the variation of χ for different particulate 
size of MgFe2O4 observed at 10 Hz and 10 kHz (0 T) which illustrates the fact that a 
less-milled sample is associated with a comparatively higher value of χ at any studied 
frequency.  
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Figure 5-9: Variation of AC susceptibility, χ, as a function of particle size of MgFe2O4 samples, from Φ 
~ 9 nm to Φ ~ 21 nm, at 10 Hz and 10 kHz. Lines are guides for the eye. 
The net moment of any of the samples decreases with increasing frequency as 
the disorder alignment of moments dominates at a higher frequency. Therefore, 
increasing mechanical activation along with frequency exhibits an increasing 
antiferromagnetism in nanoparticulate MgFe2O4. 
We study the variation of χ as a function of temperature, in different cooling 
fields, H, from 0 T to 1.6x10
-1
 T, in the presence of a biasing field of 1.5x10
-3
 T and AC 
magnetic field. The variation of χ as a function of temperature for the Φ ~ 9 nm, Φ ~ 15 
nm, Φ ~ 21 nm, and Φ ~ 90 nm MgFe2O4 samples, each for seven different fields H, are 
shown in Figure 5-10 (a) to Figure 5-10 (d) (at 10 Hz). It is found that χ changes 
significantly with changing the particle size, and χ is found more than seven times 
greater for the Φ ~ 90 nm sample than the Φ ~ 9 nm sample.  
Figure 5-11 plots χ as a function of H varied from 0 T to 1.6x10
-1
 T for all 
samples and at 10 Hz. From this figure we find that χ changes insignificantly with the 
variation of field, H, unlike the variation of χ with the particle size of the sample. It is 
found that χ varies from 7.36x10
20
 μB/T to 1.2x10
20
 μB/T (approximately) with the 
variation of particle size from Φ ~ 90 nm to Φ ~ 9 nm. 
The formation of nanostructured samples from a bulk sample by the ball-milling 
method suppresses the Fe
3+
 ions preference for the (A) site, and as the mechanical 
activation increases, Fe
3+
 ions distribute across the (A) and [B] sites, approximately in 
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equal amounts. As a result, the ferrimagnetic couplings among Fe
3+
 ions on the (A) site 
decrease significantly. Consequently, antiferromagnetism dominates ferrimagnetism in 
the Φ ~ 9 nm nanoparticulate MgFe2O4. 
 
Figure 5-10: AC susceptibility, χ, of the (a) Φ ~ 9 nm, (b) Φ ~ 15 nm, (c) Φ ~ 21 nm, and (d) Φ ~ 90 nm 
MgFe2O4 samples at different cooling fields between 0 T and 1.6x10
-1
 T. At 10 Hz frequency, the plotted 
lines show a gradual increase in χ with decreasing magnetic field. Lines are guides for the eye. 
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Figure 5-11: The field-dependent AC susceptibility, χ, of Φ ~ 9 nm to Φ ~ 90 nm nanoparticulate 
MgFe2O4 samples, at a cooling field from 0 T to 1.6x10
-1
 T (observed at 10 Hz). Lines are guides for the 
eye. 
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Particle 
Size Φ 
(nm) 
AC Susceptibility χ (μB/T)x10
20
 
0 T 5x10
-3
 T 1x10
-2
 T 2x10
-2
 T 4x10
-2
 T 8x10
-2
 T 1.6x10
-1
 T 
9 1.19 (2) 1.20 (1) 1.21 (1) 1.20 (1) 1.22 (1) 1.21 (1) 1.21 (1) 
15 1.60 (1)
 
1.60 (1) 1.63 (1) 1.62 (1) 1.63 (1) 1.60 (1) 1.59 (1) 
21 2.64 (2)
 
2.66 (2) 2.60 (2) 2.62 (2) 2.52 (2) 2.53 (1) 2.50 (2) 
90 7.15 (3)
 
6.97 (3) 7.03 (3) 6.96 (3) 7.04 (3) 7.1 (3) 7.36 (3) 
Table 5-7: The field-dependent AC susceptibility, χ, of MgFe2O4 samples, with particle size from Φ ~ 9 
nm to Φ ~ 90 nm, observed at 10 Hz. 
The value of χ for different samples at different cooling field varied from 0 T to 
1.6x10
-1
 T and observed at 10 Hz is summarized in Table 5-7. It is found that χ 
increases with increasing particle size, regardless of H. The rate of change of χ as a 
function of the particle size, from Φ ~ 9 nm to Φ ~ 15 nm, is ~ 25 %, whereas the rate of 
change of χ from the Φ ~ 15 nm to Φ ~ 21 nm sample is ~ 40 % and from Φ ~ 21 nm to 
Φ ~ 90 nm is ~ 60 %. The rate is almost equal to 70% for varying the sample from Φ ~ 
9 nm to Φ ~ 90 nm. 
5.2.1.3 Particle-Size-Dependent Deviation of Activation Energy 
To expand this investigation and to understand the mixed magnetic order of the 
nanoparticulate MgFe2O4 samples as a function of particle size, we study the activation 
energy, Ea (K), for different MgFe2O4 samples at different temperatures. By applying 
equation  (3-11) to (3-13) Ea for all samples are calculated, similarly as nanoparticulate 
ZnFe2O4 samples in the previous chapter. For simplicity, we concentrate only on the 
observations at 10 Hz and 10 kHz (Figure 5-12 and Figure 5-13) as the investigation at 
intermediate frequencies exhibits the same trend in all aspects. From Table 5-4 and 
Table 5-5, we observed that sometimes Tf increases with increasing field, at both 
frequencies (10 Hz and 10 kHz). To calculate Ea by applying equation (3-13), for 
measuring the anisotropy field (Ha), we considered only the Tf values which decreased 
with increasing cooling field and neglect those Tf which violated equation (3-13). 
 Magnetization varies with magnetic field, so we investigate Ea over the range of 
H varied from 0 T to 1.6x10
-1
 T. Temperature also has impact on the energy barrier, 
which makes it important to study the magnetic structure of different samples at 
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different temperatures. Accordingly, we choose five temperatures, from 5 K to 300 K, 
to observe the particle-size-dependent deviation of Ea.   
 
Figure 5-12: Field-dependent activation energy, Ea, for the (a) Φ ~ 9 nm, (b) Φ ~ 15 nm, (c) Φ ~ 21 nm, 
and (d) Φ ~ 90 nm MgFe2O4 samples at five different temperatures from 5 K to 300 K (at 10 Hz). Lines 
are guides for the eye. 
We calculate the Ea using equation (3-11) for all the MgFe2O4 samples. It is 
found that Ea gradually increases with increasing cooling field, as shown in Figure 5-12 
(for 10 Hz) and Figure 5-13 (10 kHz), in a similar fashion to the investigation done for 
ZnFe2O4 samples (Figure 4-13 and Figure 4-14). We also see that with increasing T, Ea 
decreases in each case of frequency, 10 Hz and 10 kHz. The gradual increase in Ea 
against the field is more linear at 10 kHz than at 10 Hz.  
Due to the mechanical activation, the particle sizes of MgFe2O4 change, as well 
as the distribution of cations across the (A) and [B] sites, and accordingly, the magnetic 
behaivor changes significantly. The calculated anisotropy constant, Keff, from equation 
(3-12) and Ea from equation (3-11) increased from the Φ ~ 9 nm to Φ ~ 90 nm sample 
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with increasing magnetic field, from 0 T to 1.6x10
-1
 T (Figure 5-14). The mechanical 
activation makes the MgFe2O4 samples more superparamagnetic with lower Ea.  
 
Figure 5-13: The field-dependent activation energy, Ea, for the (a) Φ ~ 9 nm, (b) Φ ~ 15 nm, (c) Φ ~ 21 
nm, and (d) Φ ~ 90 nm MgFe2O4 samples at five different temperatures from 5 K to 300 K (at 10 kHz). 
Lines are guides for the eye. 
Moreover, temperature influences Ea, as we observe that Ea varies from 3.7x10
-2 
K to 5.9x10
-2 
K for the samples varied from Φ ~ 9 nm to Φ ~ 90 nm at 5 K, and it varies 
from 2.4x10
-2 
K to 4.4x10
-1 
K at 300 K (Figure 5-14 and Table 5-8). At both 
temperatures, Ea increases with increasing particle size, i.e., the energy required to 
overcome the energy barrier increases with increasing particle size. Redistribution of the 
Fe ions due to milling, as well as the transformation of magnetic ordering, occurs more 
readily in a milled sample, which displays a coexistence of different magnetic orders 
over a wider temperature range. As a result, in a milled sample, with lower Ea, Fe
3+
 ions 
confirm their [B]-site occupancy, which couple more antiferromagnetically with 
previously existed Fe
3+
 ions there, and transfer of Fe
3+
 ions from the (A) site decreases 
the ferrimagnetic ordering at the same time.  
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Figure 5-14: Particle-size-dependent activation energy, Ea, for the Φ ~ 9 nm to Φ ~ 90 nm MgFe2O4 
samples at 10 Hz and two different temperatures, 5 K and 300 K (at 4x10
-2
 T). Lines are guides for the 
eye. 
Particle Size Φ ~ 
(nm) 
Activation energy Ea (K) at 10 Hz 
5 K 300 K 
9 3.7 (7)x10
-2
 2.4 (6)x10
-2
 
15 1.5 (1)x10
-2
 1.1 (8)x10
-2
 
21 1.4 (2)x10
-2
 1.0 (1)x10
-2
 
90 5.9 (7)x10
-2
 4.4 (6)x10
-1
 
Table 5-8: Activation energy, Ea, of the investigated nanoparticulate MgFe2O4 samples at 5 K and 300 K, 
observed at 10 Hz (4x10
-2
 T). 
The diversity of magnetic ordering is influenced by increasing temperature. 
Because, with increasing temperature, moments in different domains in the 
crystallographic structure lose their alignment of a ferromagnetic or a ferrimagnet or an 
antiferromagnet, and the material transforms into a paramagnet or at a more higher 
temperature transforms into SSG. We summarize the calculated Ea for various samples, 
at 5 K and 100 K, in Table 5-8. From this table, it is seen that Ea decreases with 
increasing temperature. At a high temperature (300 K), the moment alignment in a 
sample becomes disorganized to perform as a SSG with lower Ea for all the samples. In 
bulk MgFe2O4, ferrimagnetic order dominates over the antiferromagnetic order. 
Meanwhile, in a smaller sample, the antiferromagnetic order dominates over the 
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ferrimagnetism. This transformation of magnetic ordering increases with decreasing 
particle size and increasing temperature. 
Temperature plays an active role in transforming the magnetic ordering in 
MgFe2O4 samples. The more ease observation is done by the temperature-dependent Ea 
for all samples at the different cooling field, from 0 T to 1.6x10
-1
 T, as shown in Figure 
5-15 (at 10 Hz) and the normalized Ea for all samples, as shown in Figure 5-16 (at 10 
Hz). Here Ea is normalized with respect to the Ea at maximum field, H, 1.6x10
-1
 T, to 
facilitate the study of Ea as a function of field, H.  
 
Figure 5-15: Field-dependent activation energy, Ea, of the Φ ~ 9 nm to Φ ~ 90 nm MgFe2O4 samples, 
observed at 10 Hz, for (a) 5 K and (b) 300 K. Lines are guides for the eye. 
 
Figure 5-16: Field-dependent activation energy, Ea (normalized), of the Φ ~ 9 nm to Φ ~ 90 nm MgFe2O4 
samples, observed at 10 Hz, for (a) 5 K and (b) 300 K. Lines are guides for the eye. 
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Figure 5-15 and Figure 5-16 show the variation of Ea more directly for all 
samples. It is observed that the Φ ~ 90 nm sample possesses the highest Ea compared to 
the other samples, and at a higher temperature, decreasing Ea indicates a more readily 
magnetic-order transformation at a higher temperature (300 K) than for the milled 
samples, from Φ ~ 9 nm to Φ ~ 21 nm. On average, the rate of decrease of Ea for a 
MgFe2O4 sample, with the variation of temperature from 5 K to 300 K, is 60%. 
Ea decreases considerably with increasing mechanical activation of MgFe2O4 
samples, which follows the same trend as ZnFe2O4. Thus, increasing mechanical 
activation in spinel ferrite confirms an easier magnetic-nature transformation. 
5.2.1.4 Frequency-Dependent Activation Energy 
Magnetic-order preference in any sample depends on the particulate size of the 
investigated spinel ferrite which can be stimulated by frequency, because the activation 
energy, Ea, the state function, Ψ, and the relaxation time, τ, are all frequency dependent. 
The earlier investigation of the magnetic behavior of nanoparticulate ZnFe2O4 sample 
already showed that the variation in frequency had a remarkable effect on the 
magnetization of ferrite samples. 
The previously discussed Tf from the thermal dependence of the AC 
susceptibility revealed the opportunity to understand the co-existence of ferrimagnetism 
with paramagnetism, superspin-glass (SSG) state, and antiferromagnetism in the studied 
MgFe2O4 samples. Moreover, MgFe2O4 samples act superparamagnetically. 
Coexistence of SSG state and superparamagnetic (SPM) systems in different 
nanoparticulate MgFe2O4 was previously investigated by Mydosh [175] and Antic et al. 
[177]. 
In Chapter 4, while discussing the magnetic behavior of nanoparticulate 
ZnFe2O4 samples, we observed the magnetic characteristics using the state function, ψ, 
which is a function of T and f. This is a worthy option to measure the interesting 
magnetic features of nanoparticulate MgFe2O4 samples. Ψ (T, f) for all the samples is 
calculated from equation (3-16). The calculated range of Ψ for the Φ ~ 15 nm, for a 
frequency range varied from 10 Hz to 1 kHz, is illustrated in Table 5-9, which gives an 
interesting impression of the magnetic ordering in the sample. It is observed that at a 
lower frequency (~ 500 Hz), the sample behaves as a SPM with Ψ ≈ 10
-1
 but behaves as 
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an SSG with Ψ ≈ 10
-2
 above 500 Hz. Meanwhile, the Φ ~ 21 nm sample possesses the 
SSG system with Ψ ≈ 10
-2
 at any frequency, and the Φ ~ 90 nm sample has a combined 
preference of SSG and SPM system with the range of Ψ varying from 10
-2 
to 10
-1
, with 
the gradual increase in frequency from 10 Hz to 10 kHz.  
The investigated range of frequency-dependent Ψ shows that with decreasing 
particulate size of samples, SSG behavior increases along with the SPM order in our 
samples. With regard to the cation distribution, it occurs with dominating the 
ferrimagnetism on the (A) site with gradually decreasing particle size. Consequently, a 
greater diversity of magnetic order takes place with the SPM and SSG nature in the 
same sample, which is influenced by frequency. 
Frequency 
f 
(Hz) 
Tf (K) Ea (K) ε Ψ (a.u.) τ (sec) 
10 220 (15) 4.27(6)x10
1 
 5.97(1)x10
-1
  - 1.06(1)x10
-4 
 
500 229 (15) 1.28(1)x10
2 
 5.34(1)x10
-1 
 1.15(1)x10
-1 
 4.76(1)x10
-7 
 
1000 233 (15) 1.80(1)x10
2 
 5.05(1)x10
-1 
 6.34(1)x10
-2 
 1.12(1)x10
-7 
 
10000 238 (15) 2.37(2)x10
2 
 4.77(1)x10
-1 
 1.82(1)x10
-2 
 5.36(1)x10
-9 
 
Table 5-9: Calculated activation energy, Ea, reduced temperature, ε, state function, Ψ, and relaxation 
time, τ, for the Φ ~ 15 nm MgFe2O4 sample, at different frequencies from 10 Hz to 10 kHz . 
Theoretically, Ea is exponentially proportional to frequency (equation (3-14). 
Consequently, frequency enhances Ea in the presence of an AC field and varies 
significantly for different samples, which suggests a gradually increasing magnetic 
behavior in MgFe2O4 samples. Ea for different samples is calculated by equation (3-14). 
Table 5-9 illustrates the calculated value of Ea along with τ and ε, the value ranges of 
which define the magnetic ordering in the Φ ~ 15 nm sample. The increase of Ea for the 
Φ ~ 15 nm sample is plotted against frequency in Figure 5-17. From Table 5-9, we find 
that Ea increases from 4.27x10
1
 K to 2.37x10
2
 K with an increasing frequency from 10 
Hz to 10 kHz.  
Theoretically, Ea is also proportional to (Tf-T0) which is illustrated in Figure 
5-18. This graphical presentation is supported by the theory, mentioned in equation 
(3-14). Comparing Ea for the Φ ~ 15 nm sample from these plots, it is found this milled 
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nanoparticulate MgFe2O4 sample is associated with a higher frequency-dependent Ea, as 
the best fit for Ea is achieved at 1 kHz and is equivalent to 1.8x10
2
 K, observed from the 
interpolated line of Figure 5-17. 
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Figure 5-17: Frequency-dependent activation energy, Ea, for the Φ ~ 15 nm MgFe2O4 sample. Lines are 
guides for the eye. 
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Figure 5-18: Variation of activation energy, Ea, with (Tf-To), for the Φ ~ 15 nm MgFe2O4 sample. Lines 
are guides for the eye. 
In a milled sample, mechanical activation transfers the ions from their original 
sites as in a bulk sample and magnetic order changes as well. Though the cooling field 
for this investigation is as low as 0 T, a strong AC field affects the moment alignment. 
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As a result more energy is required to overcome the energy barrier to transform the 
magnetic ordering in the smaller sample (Φ ~ 15 nm) than in an unmilled sample. 
Consequently, the alignment of magnetic dipole moments, biased by an AC field, 
changes less significantly by applying frequency and a higher Ea is required to attain the 
magnetic anisotropy. The magnetic behavior of a milled sample is enhanced by the AC 
field.  
During our investigation of the thermal effect on the AC susceptibility, χ, we 
observed that for the MgFe2O4 samples, smaller peak broadening (Figure 5-10) is 
associated with a larger particulate sample. Peak broadening is related to the relaxation 
time, τ, which is inversely proportional to the characteristic frequency, f0. Consequently, 
peak broadening is also dependent on a frequency which influences the magnetic 
behavior of spinel ferrite. The calculated values of τ are obtained by equation (3-18), for 
all samples of interest. Figure 5-19 (a) and Figure 5-19 (b) show the change in τ as a 
function of frequency, for the Φ ~ 9 nm and Φ ~ 15 nm samples, respectively.  
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Figure 5-19: Variation of relaxation time, τ, as a function of frequency, f, for the (a) Φ ~ 9 nm and (b) Φ 
~ 15 nm MgFe2O4 samples. Lines are guides for the eye. 
From Figure 5-19 (a) and Figure 5-19 (b), it is found that for the Φ ~ 9 nm and 
Φ ~ 15 nm samples τ decreases with increasing frequency. At a higher frequency, a 
sample returns to its equilibrium state faster than at a lower frequency. Moreover, τ is 
much lower for the Φ ~ 9 nm sample than the Φ ~ 15 nm sample. The Φ ~ 9 nm sample 
returns more readily to the ground-state magnetization, along with the magnetic-field 
direction and faster than a larger sample. Accordingly, the Φ ~ 9 nm sample is 
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associated with less magnetization, which indicates a weak magnetic order of the 
sample with a lower net magnetic moment.  
Mechanical activation enhances the inversion parameter. As a result, the Fe ions 
distribute in almost equal ratio among different cationic sites. With increasing inversion, 
the antiferromagnetic coupling of Fe
3+ 
on the [B] site increases, and simultaneously, the 
ferrimagnetic coupling of Fe
3+ 
on the (A) site decreases. Accordingly, magnetic 
ordering transforms more readily in a smaller sample with a lower τ and makes a larger 
sample more magnetic than a smaller one. For both samples, we observe that τ 
decreases gradually with increasing frequency. For the Φ ~ 9 nm MgFe2O4, τ varies 
more with frequency than for the Φ ~ 15 nm sample, as the rate of change of τ is almost 
equal to 100% for the Φ ~ 9 nm sample, whereas, for the Φ ~ 15 nm sample the rate of 
change of τ is only 5 % (approximately). 
The range of τ (sec) for different magnetic ordering in spinel ferrites was 
previously discussed by a few researchers [145, 216, 217]. Generally, τ for an SSG 
system ranges from 10
-6 
sec to 10
-13
 sec. For our Φ ~ 15 nm to Φ ~ 90 nm samples, the 
range of τ varies from 10
-5
 sec to 10
-9
 sec on average. The average value of τ for the Φ ~ 
90 nm sample shows a preference for an SPM order rather than for an SSG system, with 
τ = 10
-9
 sec.  On the other hand, the range of τ matches an SSG system as the samples 
become smaller. The best fitting is found for the Φ ~ 15 nm sample for Ea = 1.8x10
2
 K 
(from the interpolated line of Figure 5-17) at 1 kHz with f0 = 9x10
6
 Hz and τ = 1.12x10
-
07
 sec, which provides a glimpse of an increasing SSG system in MgFe2O4 along with 
the SPM order, with increasing milling.  
Moreover, we observe the characteristic frequency, f0, to measure the reduced 
temperature, ε, from different Tf at different frequencies, by equation (3-19). ε is an 
extension of the temperature-dependent AC susceptibility investigation. We observe ε 
for variable frequency for all samples, from equation (3-19) and summarize these in the 
Table 5-10. From this table, it is seen that ε decreases with increasing particle size. 
Inspection of the ε values suggests that the Φ ~ 15 nm and Φ ~ 21 nm samples have a 
stronger SSG-system preference than the Φ ~ 90 nm sample [218, 219], because, on 
average, ε is greater than 0.5 for samples from Φ ~ 9 nm to Φ ~ 21 nm, with values in 
between 0.5
 
and
 
0.6, than for the Φ ~ 90 nm sample, where it is valued between 0.4 and 
0.2, with the variation of frequency from 10 Hz to 10 kHz. According to this range of ε, 
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SPM order still coexists with the SSG system, even with the decreasing particle sizes of 
MgFe2O4 samples from Φ ~ 90 nm to Φ ~ 9 nm. 
Sample Φ (nm) Range of Ψ (a.u.) Range of ε 
9 10
-2
 to 10
-1
 - 
15 10
-2
 0.6 – 0.4 
21 10
-2
 0.6 – 0.5 
90 10
-4 
to 10
-3
 0.4 – 0.2 
 Table 5-10: The range of state function, Ψ, and reduced temperature, ε, for different MgFe2O4 
samples, with particle size from Φ ~ 90 nm to Φ ~ 9 nm. 
Observing the calculated values of Ψ, τ, and ε for different frequencies and 
cross-matching them with the established ranges, we conclude that the mechanical 
activation develops an SSG system, which coexists with the SPM system.  
5.2.2 DC Magnetization Investigation 
Investigation of DC magnetization at different temperatures suggests a complex 
magnetic order in the investigated nanoparticulate MgFe2O4 samples, which will be 
correlated later with that of ZnFe2O4 and the polarized analysis of neutron diffuse 
scattering data of ZnFe2O4. In this section, we examine the variation of magnetic 
moment for the studied MgFe2O4 samples at five different temperatures; 5 K, 100 K, 
150 K, 200 K, and 300 K, over the range of magnetic field from -1.0 T to 1.0 T. In this 
segment, we observe temperature-dependent DC magnetization, interparticle 
interactions in different samples formed by separate mechanical activation, and 
corresponding magnetic moment.  
5.2.2.1 Magnetization Investigation from the M-H Loop 
Figure 5-20 represents the typical magnetization hysteresis loop for the investigated 
nanoparticulate MgFe2O4 samples for five different temperatures. In this figure, the DC 
magnetization, M (μB/F.U.), for all the samples is plotted against the field from -1.0 T 
to 1.0 T. All the samples show typical hysteresis loops below their freezing temperature, 
Tf (K). The coercivity, HC (T), of corresponding hysteresis loops is measured from this 
figure, as well as the saturation magnetization, MS (μB/F.U.), for all MgFe2O4 samples.  
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Figure 5-20: The M-H curves between -1.0 T and 1.0 T for different nanoparticulate MgFe2O4 samples, 
from Φ ~ 9 nm to Φ ~ 90 nm, at five different temperatures, below and above corresponding freezing 
temperature, Tf. 
From the AC magnetization interpretation, Tf for the different MgFe2O4 samples 
was found to lie between 338 K and 219 K, for the Φ ~ 9 nm to Φ ~ 21 nm samples, 
respectively. Accordingly, the temperatures at which hysteresis loops disappear also 
vary for different samples. It is found that at 300 K, the hysteresis loop for all samples 
become negligible, except for the Φ ~ 9 nm sample, and the hysteresis loop is quite 
marked for this sample. Above Tf, magnetic moments of the samples just follow the 
magnetic field direction. Just as for the ZnFe2O4 samples, the MgFe2O4 samples cannot 
overcome the magnetocrystalline anisotropy above Tf.  
HC of all samples decreases with increasing temperature from 5 K to 300 K 
(Table 5-11). Above Tf, the coercivity, HC, becomes almost zero for different samples 
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as the hysteresis loops disappear above Tf, which means that the magnetic moments 
following only the applied magnetic field direction as happens in paramagnetic 
materials. This is a typical behavior of a superparamagnetic material to have only the 
‘S’ shape M-H curve, with HC → 0 above Tf. Therefore, at 300 K, nanoparticulate 
MgFe2O4 samples show paramagnetic preference as shown in Figure 5-21. As Tf of the 
smallest sample (Φ ~ 9 nm) is more than 300 K, the hysteresis loop for this sample 
exists even at 300 K, but with a very low coercivity, HC.  
Temperature 
(K) 
Coercivity HC (T)  
Φ ~ 9 nm Φ ~ 15 nm Φ ~ 21 nm Φ ~ 90 nm 
5 6.2(3)x10
-2
  4.6(1)x10
-2 
 4.3(1)x10
-2 
 1.5(1)x10
-2 
 
100 4.5(2)x10
-2 
 3.8(2)x10
-2 
 2.8(1)x10
-2 
 1.6(1)x10
-2 
1 
150 4.4(2)x10
-2 
 3.5(2)x10
-2 
 2.4(2)x10
-2 
 7.8(1)x10
-4 
 
200 4.0(1)x10
-2 
 2.7(2)x10
-2 
 2.8(2)x10
-2 
 6.4(1)x10
-4 
 
300 3.0(2)x10
-2 
 1.7(1)x10
-2 
 3.2(2)x10
-2 
 4.2(1)x10
-4 
 
Table 5-11: Coercivity, HC, of Φ ~ 9 nm to Φ  ~ 90 nm MgFe2O4 samples at different temperatures. 
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Figure 5-21: The M-H curve for MgFe2O4 samples, from Φ ~ 9 nm to Φ ~ 90 nm, at 300 K and between -
1.0 T and 1.0 T. The inset shows the existence of hysteresis loop for the Φ ~ 9 nm sample at 300 K.  
Table 5-11 and Figure 5-22 show the variation of HC at different temperatures 
for the Φ ~ 9 nm to Φ ~ 21 nm samples, where a gradual decrease of HC with increasing 
temperature is observed for the investigated samples.  
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Figure 5-22: Thermal effect on coercivity, HC, for the Φ ~ 9 nm to Φ ~ 90 nm MgFe2O4 samples as a 
function of temperature, T, from 5 K to 300 K. Lines are guides for the eye. 
From Figure 5-22, it is evident that HC decreases with increasing particle size, 
which means the activation energy, Ea, required to overcome the nanocrystalline 
anisotropy is higher for a larger (Φ ~ 90 nm) sample. Therefore, the magnetic order 
transforms in the Φ ~ 9 nm MgFe2O4 sample much readily, with a lower Ea, than for the 
Φ ~ 90 nm sample. This observation supports the variation of Ea for different 
nanoparticulate MgFe2O4 samples, discussed previously in the AC magnetization 
section. The temperature-dependent HC was also previously discussed for 
nanoparticulate ZnFe2O4 samples, and in both series of samples, HC is related to the 
particulate size of the samples [232]. 
5.2.2.2 Study of Saturation Magnetization Correlated Magnetic 
Moment 
The saturation magnetization, MS (μB/F.U.), is temperature dependent because of 
surface spin, and is also dependent on the particle size of different samples, obtained 
before and after different milling time. The MS of different samples at different 
temperatures are evident in the graphs plotted in Figure 5-20. Above saturation, the 
direction of magnetic moments changes in a paramagnetic manner, and the change of 
magnetization with changing field is much smaller than that below the saturation, for all 
investigated samples [220].  Therefore, all samples possess wider diversity of magnetic 
orders below the corresponding MS than that above MS.  
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The value of MS depends on the inter-particle and intra-particle interactions, 
cation distribution, spin canting of a particle in shell and core, different kinds of 
anisotropies, and parasites phases [178]. At 5 K, for the Φ ~ 9 nm sample, MS = 0.61 
μB/F.U., at 1.0 T and Ms = -0.61 μB/F.U., at -1.0 T. Therefore, symmetrical values of 
|MS| are found the two extremes of magnetic field in the hysteresis loops (Figure 5-20) 
for all samples, and the exchange-coupled system is absent here, which is dissimilar as 
explained by Nogués et al. in 2005 [221]. According to Ŝepelák et al. [19], this type of 
symmetrical hysteresis loop influences the exchange coupling between the collinear 
spins occupying the core, and canted spins occupying the shell of the sample. In this 
investigation, a symmetrical hysteresis loop was observed for all MgFe2O4 samples, 
which indicates the absence of core and shell formation in all of them, which is the 
opposite of our ZnFe2O4 samples.  
Temperature T (K) Saturation Magnetization MS (μB/F.U.) 
Φ ~ 9 nm Φ ~ 15 nm Φ ~ 21 nm Φ ~ 90 nm 
5 0.61 (1) 0.72 (1) 0.82 (1) 0.97 (1) 
100 0.59 (1) 0.68 (1) 0.79 (1) 0.93 (1) 
150 0.57 (1) 0.64 (1) 0.75 (1) 0.90 (1) 
200 0.54 (1) 0.61 (1) 0.72 (1) 0.86 (1) 
300 0.47 (1) 0.54 (1) 0.61 (1) 0.72 (1) 
Table 5-12: Saturation magnetization, MS, of nanoparticulate MgFe2O4 samples at different temperatures 
from 5 K to 300 K, from the observed M at +/- 5x10
-1
 T. 
Table 5-12 shows the variation of MS associated with different nanoparticulate 
samples observed at different temperatures, from 5 K to 300 K.  It is noted that MS 
increases with increasing particle size at all temperatures because of different finite-size 
effects and surface effects of the samples obtained by mechanical activation [233, 234]. 
Figure 5-23 illustrates the variation of MS against different nanoparticulate sizes. 
The M-H loops presented in Figure 5-20 show that the fields associated with 
visually estimated Ms are different for different nanoparticulate samples and vary at 
different temperatures. At 100 K, we find that for the smallest sample (Φ ~ 9 nm), the 
field corresponding to Ms is obtained nearly at 2.0x10
-1
 T. For the largest sample (Φ ~ 
90 nm), MS is obtained almost at 7.0x10
-2
 T, which is less than half that of the Φ ~ 9 nm 
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sample. The field, at which MS is obtained, gradually decreases with increasing particle 
size.  
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Figure 5-23: Particle-size-dependent saturation magnetization, MS, against the particle size of different 
MgFe2O4 samples, from Φ ~ 9 nm to Φ ~ 90 nm, observed at five different temperatures from 5 K to 300 
K. Lines are guides for the eye. 
The strong A-B superexchange interaction influences the magnetization to be 
saturated at higher field. In an unmilled sample, the interaction is less than in a milled 
sample. Accordingly, the cation distribution across the (A) and [B] sites in a smaller 
sample develops a more readily transformation of magnetic behaviors. The less-
interactive behavior in the bulk sample, stimulates the magnetization to be saturated 
comparatively at a lower magnetic field. In a smaller sample, the magnetic orders 
transform due to the superexchange interaction and make it more superparamagnetic 
than the bulk sample.  
A higher MS is obtained at a lower field for a bulk sample than for a smaller one, 
at all studied temperatures. For each of the samples, MS decreases steadily with 
gradually increasing temperature (Figure 5-24). During investigation of the magnetic 
order of nanoparticulate ZnFe2O4 samples, we found that the spin disorder may occur at 
the surface of a nanoparticulate sample because of impurities and formation of a 
complex shell around the core of a sample. For this contamination (core/shell formation 
absent in case of MgFe2O4), superexchange bonds can be broken among the magnetic 
cations [235], as it happens in case of MgFe2O4. The broken superexchange bonds 
create a lower MS for the smaller nanoparticulate sample than a larger one [236] as 
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shown in Figure 5-24. From this figure, it is found that MS corresponding to the Φ ~ 90 
nm sample is higher comparative to the Φ ~ 9 nm sample at all investigated 
temperatures. 
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Figure 5-24: Thermal effect (for 5 K to 300 K) on the saturation magnetization, MS, for different 
nanoparticulate MgFe2O4 samples, with particle size from Φ ~ 9 nm to Φ ~ 90 nm. Lines are guides for 
the eye. 
Below the saturation, M changes readily, and the rate of change of M decreases 
after saturation for all samples. Below the saturation, the magnetic behavior is stronger 
than above the saturation in a DC field. For MgFe2O4 samples, MS is higher for an 
unmilled sample which corresponds to a higher moment compared to a milled sample 
(Figure 5-25).  
The higher magnetic moment indicates a stronger ferrimagnetism in the Φ ~ 90 
nm sample, as shown in Figure 5-25. The magnetic moments calculated from MS at 
different temperature for all samples are illustrated in this figure, and moments decrease 
gradually for all samples with increasing temperature, from 5 K to 300 K. Increasing 
temperature influences the alignment of magnetic dipole moments of any sample to be 
more disordered and develop paramagnetic order. 
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Figure 5-25: Variation of moments for different nanoparticulate MgFe2O4 samples as a function of 
temperature, from 5 K to 300 K. Lines are guides for the eye. 
 
Temperature T 
(K) 
Moment μ (μB) 
Φ ~ 9 nm Φ ~ 15 nm Φ ~ 21 nm Φ ~ 90 nm 
5 0.023 (5) 0.127 (4) 0.400 (6) 36.9 (6) 
100 0.022 (5) 0.120 (4) 0.382 (6) 35.6 (7) 
150 0.022 (5) 0.114 (3) 0.365 (6) 34.2 (6) 
200 0.021 (1) 0.108 (3) 0.348 (6) 32.8 (9) 
300 0.018 (1) 0.095 (3) 0.296 (5) 27.4 (5) 
 
Table 5-13: Magnetic moments, μ, for different nanoparticulate MgFe2O4 samples at five different 
temperatures from 5 K to 300 K. 
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Table 5-13 summarizes the variation of moments for different samples at five 
different temperatures. The rate of change of moment with temperature is below or 
equal to 5% within the temperature range of 5 K to 200 K for all the samples. As the 
temperature approaches towards Tf above 200 K, the rate of change of moment 
increases to 15% for all the samples, on average. Near Tf of individual samples, the 
paramagnetic alignment of magnetic dipoles decreases the net magnetization as well as 
the MS.  
5.2.2.3 Study of Interparticle Interactions 
The reduced remanence, MR/MS, is calculated to observe the interparticle interactions in 
our MgFe2O4 samples, M/MS is plotted against H/T, in Figure 5-26 (a) to Figure 5-26 
(d), for 100 K, 150 K, 200 K, and 300 K. In these graphs, all the curves overlap on each 
other, for individual samples, due to the lack of interparticle interactions, as discussed 
by Tung et al. in 2003 [223]. 
 
Figure 5-26: Investigation of interparticle interactions by plotting H/T vs. M/MS for the series of 
nanoparticulate MgFe2O4 samples, from Φ ~ 9 nm to Φ ~ 90 nm, observed at 100 K, 150 K, 200 K, and 
300 K. 
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The magnetization remaining after removing a magnetic field is called 
remanence magnetization, MR. Here the MR decreases from 0.25 μB/F.U. to 0.14 (μB 
/F.U.) with decreasing temperature, from 5 K to 300 K. At 5 K, MR/MS is found to be 
equal to 0.41, which is well matched with the MR/MS = 0.5 for noninteracting single-
domain particles in other noninteracting material [223]. For an interacting interaction, 
MR/MS should be equal to 0.15 at 5 K, as it is observed for Fe3O4 [145]. At 5 K, the 
MR/MS for the Φ ~ 15 nm and Φ ~ 21 nm samples is found equal to 0.35 and 0.39, 
respectively. Observing MR separately for different samples, it is found that for all 
samples MR decreases with increasing temperature. This decreasing MR introduces an 
internal strain and interparticle interactions in the nanoparticulate MgFe2O4 samples. 
The presence of a negligible SSG order in the investigated samples [225] is also 
observed from the Figure 5-26 (a) to Figure 5-26 (d). In these figures, the ‘S’-shaped 
curves for magnetization are observed only at 300 K, which is a typical SPM order 
[177] for any ferrite. At 300 K, symmetrical hysteresis loops for samples with variable 
sizes, from Φ ~ 9 nm to Φ ~ 90 nm, are observed in Figure 5-21 with HC = 0 T, where 
MR → 0 μB/F.U. Formation of hysteresis loops below Tf and the ‘S’-shaped curves 
above Tf, in the plot H/T vs. M/MS (Figure 5-26), are observed for nanoparticulate 
MgFe2O4 samples, and are all typical for a spinel ferrite with the SPM preference. 
Moreover, to investigate the presence of the short-range magnetic order in 
nanosized MgFe2O4 samples, M
2
 against H/M for all four samples at five different 
temperatures are plotted in Figure 5-27. This plot is known as the Arrott plot [184]. In 
this figure, spontaneous magnetization (M at H = 0) is absent at any of the temperatures 
considered. This fact proves that there is a short-range magnetic order [227] in all 
MgFe2O4 sample, just as obtained for our nanoparticulate ZnFe2O4 samples. 
To discuss the Arrott plot for MgFe2O4 samples, we consider two opinions; one 
is the interception among the plotted lines at different temperatures, and another is the 
value of M
2
 for different samples. As temperature increases, we observe from the Arrott 
plots (Figure 5-27) that the plotted line obtained for 5 K intercepts all other lines 
derived for the other temperatures, from 100 K to 300 K, and this trend is observed for 
all samples. This intercepting line obtained at a lower temperature is an indication of the 
presence of an antiferromagnetism. 
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Figure 5-27: The Arrott plot of the investigated series of MgFe2O4 samples, from Φ ~ 9 nm to Φ ~ 90 
nm, observed at 5 K, 100 K, 150 K, 200 K, and 300 K. Lines are guides for the eye. 
Moreover, in case of the bulk sample (Φ ~ 90 nm), we observe a sharp fall at a 
lower field (below H/M = 0.2 (a. u.) for all plotted lines with larger separation between 
the lines. For these plotted lines, the magnetization is in the range from 0.0 (μB/F.U.)
2 
to 
1.0 (μB/F.U.)
2
. For all other samples, this range decreases with decreasing particle size. 
We found that, the range of M
2
 are in the range of 0.25 (μB/F.U.)
2
 to 0.95 (μB/F.U.)
2
 for 
the Φ ~ 21 nm, 0.22 (μB/F.U.)
2
 to 0.75 (μB/F.U.)
2
 for the Φ ~ 15 nm, and 0.05 (μB/F.U.)
2
 
to 0.55 (μB/F.U.)
2
 for the Φ ~ 9 nm sample. In case of the Φ ~ 90 nm sample, the sharp 
fall in magnetization, in a lower field with a comparatively higher M
2
 value and highly 
separated plotted lines against the field, indicates the presence of ferrimagnetism in this 
sample. On the other hand, comparatively smaller separation among the plotted lines 
with smaller M
2
 value confirms increasing antiferromagnetism in the smaller particulate 
samples.  
At a lower temperature (5 K), all studied samples show an antiferromagnetic 
preference which decreases with increasing temperature. The reduced particle size, 
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obtained by milling, allows the redistribution of ions across the ionic sites, (A) and [B]. 
In case of a milled MgFe2O4 sample, some Fe
3+
 ions transfer from the (A) site to the [B] 
site, which decreases the strong Fe
3+
-Fe
3+
 ferrimagnetic coupling on the (A) site, and, 
simultaneously, relocation of Fe
2+
 ions on the (A) site from [B] site, increases the 
antiferromagnetic coupling between the (A) and [B] sites. As a result, decreasing 
particle size of a mixed MgFe2O4 sample (milled) allows a more readily magnetic-order 
transformation, which develops a superparamagnetic order with reduced ferrimagnetism 
than occurs in an inverted sample (unmilled).  
 Conclusions 5.3
A series of nanocrystalline MgFe2O4 samples, varied from Φ ~ 9 nm to Φ ~ 90 nm, 
were prepared by the mechanochemical synthesis. Structural and magnetic 
characterizations of these samples have been studied at different thermal conditions to 
understand the transformation trend of magnetic order with the variation of particulate 
sizes, for several different physical properties. 
The crystal structures of the samples are refined from X-ray diffraction (XRD) 
data. The XRD analysis revealed that all the samples are single-phased nanoparticulate 
MgFe2O4, with sizes Φ ~ 90 nm, Φ ~ 21 nm, Φ ~ 15 nm, and Φ ~ 9 nm, associated with 
the milling times of 0 h, 1 h, 2 h, and 4.57 h, respectively.  Atomic parameters for the 
samples observed by the Rietveld refinement confirmed the proper formation of the 
samples as cubic spinel ferrites and belonging to the Fd3m space group. The field-
emission scanning-electron microscopy (FESEM) confirms the size of the samples, 
varied from Φ ~ 11 nm to Φ ~ 80 nm, values that are the same as obtained from XRD 
data analysis within error.  
The AC and DC magnetization analyses have been carried out for the four 
different nanoparticulate MgFe2O4 samples to understand the particle-size-dependent 
magnetic order at various magnetic fields. The increasing magnetic order, from the 
response of magnetic dipole moment in an AC field, was performed for different 
temperature, cooling field, and frequency conditions. The AC magnetization analysis 
suggests the co-existence of the superparamagnetic (SPM) and superspin-glass (SSG) 
system in different MgFe2O4 samples.  
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The SSG nature order of the samples is observed from the χ-T curves after 
reaching the corresponding blocking temperature, Tf, which varied from 334 K to 220 K 
for the Φ ~ 9 nm to Φ ~ 21 nm samples, respectively. From the conventional slope of 
AC susceptibility, χ, against temperature, T, for all of the samples, we find a regular 
increase of χ from smaller (Φ ~ 9 nm) to larger sample (Φ ~ 90 nm). Accordingly, the Φ 
~ 90 nm sample possesses almost seven times higher χ (7.15x10
20
 μB/T) than the Φ ~ 9 
nm sample (1.19x10
20
 μB/T). 
The activation energy, Ea, increases from 3.7x10
-2 
K to 5.9x10
-2
 K observed at 
4x10
-2
 T (5 K) and associated with the Φ ~ 9 nm and Φ ~ 90 nm samples, respectively. 
Therefore, the transformation of magnetic order developed more readily in MgFe2O4 
sample, with increasing mechanical activation. Moreover, higher T influences the 
samples to be settled with magnetic order more readily.  
The frequency-dependent AC magnetization observation of the samples shows a 
glimpse of an increasing superparamagnetic (SPM) behavior along with the superspin-
glass system (SSG). The SSG system is established collectively with decreasing sample 
size from Φ ~ 90 nm to Φ ~ 9 nm. At the same time, the SPM order in the series 
becomes stronger with the increase of nanoparticulate size. The SSG system becomes 
stronger with a regular growth of state function, Ψ, from 10
-4
 to 10
-2
, associated with the 
Φ ~ 90 nm to Φ ~ 15 nm samples, respectively.  The Φ ~ 9 nm sample possesses a 
typical SPM system with the range of Ψ between 10
-2
 and 10
-1
. 
From the Vogel-Fulcher law, the continuous evolution of the SSG system along 
with the SPM order is established by the range of calculated values of relaxation time, τ, 
for different samples from Φ ~ 90 nm to Φ ~ 9 nm. The SSG behavior reduces from 
larger to smaller particulate samples with a regular increase of τ from 10
-8
 sec to 10
-5
 
sec. 
Furthermore, the range of reduced temperature, ε, for the Φ ~ 15 nm and Φ ~ 21 
nm samples are 5x10
-1 
and
 
7x10
-
1, respectively, both of which are equal or greater than 
5x10
-1
 and indicates as a weak SPM order for these samples. In the bulk MgFe2O4 
sample (Φ ~ 90 nm), the SSG system is suppressed by the SPM ordering, with the value 
of ε being less than 0.5. For individual samples, frequency develops the magnetic 
behavior significantly. 
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The expansion and transformation trends of the magnetic order in different 
nanostructured MgFe2O4 samples have been studied by DC magnetization at five 
distinct temperatures, from 5 K to 300 K. Symmetrical hysteresis loops in the M-H 
graph are obtained at all five temperatures for the samples. Typical hysteresis loops are 
obtained for all samples below their corresponding freezing temperature, Tf, above 
which magnetic moments just follow the direction of magnetic field and paramagnetism 
develops, simultaneously. Coercivity, HC, from the hysteresis loops, decreases with 
increasing temperature as well as the particle size. The MgFe2O4 samples possess a 
paramagnetic preference towards HC → 0 T, according to the hysteresis loops.   
Due to the thermal effect, the saturation magnetization, MS, decreases, and the 
samples turn into paramagnets above the corresponding Tf. After obtaining MS, samples 
behave paramagnetically, and before that, magnetization varies readily with the change 
of applied magnetic field, from -1.0 T to 1.0 T. The symmetrical hysteresis loops are 
produced because of the non-existent exchange-coupling among the cations and leads to 
the absence of core/shell structure in all samples here. In the hysteresis loops, MS occurs 
above 2.0x10
-1
 T for the samples and is interpreted as evidence of the existence of the 
ferrimagnetic order in samples. Regardless of T, the Φ ~ 90 nm sample possesses the 
highest MS than all other nanostructured samples, due to which this unmilled sample is 
established as magnetically stronger with much higher magnetic moment than any other 
samples of the investigated series. 
Overlapping curves, obtained from H/T vs. M/MS graph for different 
temperatures, confirms the SPM system in the samples. This behavior is established by 
obtaining the ‘S’-shaped curves in the M-H graph at 300 K. The value of MR/MS, at 5 
K, is nearly 0.5, which indicates the absence of interparticle interactions in this system. 
The value of MR/MS gradually decreases with increasing temperature and interparticle 
interactions increasingly induce the SPM order of samples. The Arrott plots (H/M vs. 
M
2
) indicate the presence of the short-range magnetic ordering in samples by the 
intercepting lines, obtained at 5 K.  
The increasing diversity of magnetic order occurs in any milled MgFe2O4 
(mixed), formed by the mechanical activation from an inverted MgFe2O4. 
Nanoparticulate MgFe2O4 has the preference of a weak SPM order compared to that of 
the bulk sample. The SPM and SSG systems co-exist in all nanoparticulate MgFe2O4 
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samples, and the development of the different magnetic orders depends on the particle 
sizes, which can be influenced by the physical properties like temperature, frequency, 
and applied magnetic fields. The development of superparamagnetism in a milled 
sample occurs more readily than that in a bulk sample, which is evident in this 
investigation with a gradual increase of antiferromagnetism along with the decrease of 
ferrimagnetism, with increasing milling procedure. 
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Chapter 6 
 
6 Investigation of Magnetic Order in 
Nanoparticles of ZnFe2O4 via Neutron 
Diffuse Scattering with Polarization 
Analysis 
 
In Chapter 4 we studied the series of nanostructured ZnFe2O4 samples (Φ ~ 90 nm to Φ 
~ 9 nm), supplied by Martin Fabian and Vladimir Šepelák (Institute of Physical and 
Theoretical Chemistry, University of Technology, Braunschweig, Germany (personal 
communication)] by XRD, FESEM, and AC and DC magnetization investigation. Based 
on the observed structural and magnetic information, discussed in Chapter 4, we 
decided to study the magnetic structure of this series of nanostructured ZnFe2O4 
samples. In this chapter, we study the magnetic order of that same set of samples by 
neutron diffuse scattering (NDS), measured by the neutron polarization analysis 
spectrometer, D7, at the Institut Laue-Langevin (ILL), in Grenoble, France. NDS was 
performed over the temperature range from 1.5 K to 295 K. In this study, we applied the 
polarization analysis method to differentiate the atomic and magnetic contributions, 
unambiguously, in the different nanostructured samples of interest. 
 We aim to understand the transformation of magnetic orders for bulk to 
nanoparticulate ZnFe2O4 samples, through the combination of crystallographic, 
microstructural, and magnetic-exchange factors. 
 Scattering Cross-Section Study  6.1
Ferrites of the form AB2O4, involving Fe, are known to possess complex magnetic order 
due to the magnetic exchange interactions across the (A) and [B] sites. Early research 
on magnetite (Fe3O4) revealed the ferromagnetic intra-site exchange coupling on both 
the (A) and [B] sites and antiferromagnetic intersite (tetrahedral-octahedral) exchange 
coupling, leading to a net ferrimagnetism [41]. Substitution of non-magnetic elements, 
either on the (A) or on the [B] site, dilutes the magnetic exchange with several possible 
consequences, depending on which site is substituted. As in ZnFe2O4 (a normal ferrite), 
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Zn
2+
 ions mainly reside on the (A) site, resulting in the antiferromagnetic order on the 
[B] site by Fe
3+ 
ions [40, 42, 155]. 
Early research on Fe3O4 revealed that the antiferromagnetic intersite 
(tetrahedral- octahedral) exchange coupling leads to a net ferrimagnetism [41]. 
Theoretically, we know that localization of Fe
2+
 and Fe
3+
 ions across the (A) and [B] 
sites of nanoparticulate ZnFe2O  produces the spontaneous formation of the local 
moment. The vacancies, created by iron ions, induce moments which are coupled to 
establish a ferrimagnetic long-range order [25]. The appearance of hysteresis at different 
temperatures led to a discussion of the magnetic-order transition in nanoparticulate 
ZnFe2O4 (in Chapter 4). 
Previously, we found that without an applied field at the Curie temperature, TC, 
the magnetic moments of atoms within a single domain keep parallel alignment. Since 
the moments are aligned within the domains, the magnetic scattering appears as 
additional contributions to the Bragg peaks. Therefore, the intensity of such a reflection 
is the sum of the nuclear and magnetic contributions given by equation (3-31) as, 
 F2 = FN
2 + 2?̂?FMFN𝐪 + FM
2 q2   
where FN is the nuclear scattering amplitude, FM is the magnetic scattering amplitude, ?̂? 
is a unit vector describing the polarization state of the neutron being scattered, and the 
interaction vector, q, is given by equation (3-38) as,  
    q2 = 1 − (κ̂. M̂)2 =  1 − cos2η    
where ?̂? is the unit scattering vector and ?̂? is a unit vector parallel to the magnetic 
moment vector of the scattering atom.  
To evaluate the magnetic scattering cross section, FM, from the D7 experimental 
data, the average value of q
2
 is taken to be equal to 
2
3
, since the magnetic moment within 
a domain has the same probability of all orientations relative to the crystal axes. In the 
case of iron, it is established that the moments are aligned along the edges of a cubic 
unit cell. 
In this investigation, magnetic scattering is isolated from nuclear scattering, for 
nanoparticulate ZnFe2O4 samples of average particle sizes from Φ ~ 9 nm to Φ ~ 90 nm, 
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by neutron polarization analysis. For ferromagnets, the nuclear and magnetic Bragg 
peaks occur at the same points in reciprocal space. In that case, the magnetic and 
nuclear components can only be distinguished either as a function of temperature or as a 
function of magnetic form factor. According to this study, the magnetic scattering 
varied drastically with changing temperature, whereas nuclear scattering varied a little 
with temperature. 
6.1.1 Nuclear Scattering 
The principle of separation of the nuclear and magnetic scattering lies in the fact that 
neutron magnetic scattering occurs by induction, as discussed by Halpern et al. [43-45]. 
The neutron diffraction patterns at 1.5 K for all nanostructured ZnFe2O4 samples, of 
mean particle sizes (Φ ~) 9 nm, 15 nm, 21 nm and 90 nm, are shown in Figure 6-1. In 
this figure, the principle Bragg peaks are observed at the (111) and (220) reflections. 
The nuclear scattering of the Bragg peaks at (111) and (220) are studied by calculation 
and observation for all nanoparticulate ZnFe2O4 samples investigated.  
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Figure 6-1: The nuclear scattering patterns of the Φ ~ 90 nm, Φ ~ 21nm, Φ ~ 15 nm, and Φ ~ 9 nm 
ZnFe2O4 samples at 1.5 K, with the coherent Bragg peaks at (111) and (220) (for + +/- - combinations of 
flippers, F1 and F2). 
According to the nuclear scattering patterns for all samples in Figure 6-1, the 
Bragg peaks at (111) and (220) reflections are observed at peak positions 1.288 Å
-1
 and 
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2.103 Å
-1
, respectively. The intensities of these peaks do not change significantly 
between 1.5 K and 295 K as expected for peaks originating from nuclear scattering. 
With increasing inversion, the peaks broaden, as expected when the crystallite size 
decreases through mechanical milling. 
Comparing the neutron scattering pattern of Figure 6-1 with the X-ray 
diffraction (XRD) patterns of all samples, we find the identical peak at (220) reflection. 
Applying the Debye-Scherrer equation (3-7) to the (220) peak of each XRD pattern for 
different samples, the particle sizes found are Φ ~ 104 nm, Φ ~ 18 nm, Φ ~ 14 nm, and 
Φ ~ 9 nm, corresponding to different milling times between 0 h and 1 h. The particulate 
sizes calculated from the (220) reflection of each sample are very close to the average 
particulate sizes of the samples calculated by applying the same method to the (220), 
(311), (400), (511), and (440) peaks. 
6.1.2 Magnetic Scattering 
The neutron diffraction patterns for the Φ ~ 90 nm sample at 1.5 K, 30 K, and 295 K, 
for the Φ ~ 21 nm sample at 1.5 K, 25 K, 75 K, and 295 K, for the Φ ~ 15 nm sample at 
1.5 K, 50 K, and 250 K, and for the Φ ~ 9 nm sample at 1.5 K and 295 were obtained by 
using a neutron spectrometer at wavelength (λ) 4.8 Å. From the neutron diffraction 
patterns of all samples, presented in Figure 6-2 to Figure 6-5, we observe that the 
magnetic reflections appear between 0.83 Å
-1
 and 2.46 Å
-1
 in Q. 
From Figure 6-2 to Figure 6-5, we see that all the magnetic reflections are most 
prominent at 1.5 K. Regardless of T, all samples have the antiferromagnetic reflections 
(10
1
2
), (10
3
2
), (21
1
2
), (10
5
2
), (21
3
2
), and (30
1
2
) at 0.83 Å
-1
, 1.34 Å
-1
, 1.70 Å
-1
, 2.00 Å
-1
, 
and 2.26 Å
-1
 in Q, respectively. Furthermore, ferrimagnetic contributions are observed 
on the (111) and (220) nuclear reflections. Therefore it is possible to ensure that all 
neutrons scattered magnetically have their spin flipped by setting the polarization 
direction parallel to the scattering vector. In that case, all magnetic coherent scattering 
generated in a spin-flip configuration of the flippers F1 and F2, which is in contrast with 
the nuclear coherent scattering which is generated in a non-spin-flip configuration of F1 
and F2. Section 2.4.3 discussed the possible neutron scattering from the triple-axis 
spectrometer (Figure 2-5), developed by Moon et al. in 1969 [111]. 
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Figure 6-2: The magnetic scattering patterns of the Φ ~ 9 nm ZnFe2O4 sample at 1.5 K and 295 K (for + -
/- + combinations of flippers, F1 and F2). 
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Figure 6-3: The magnetic scattering patterns of the Φ ~ 15 nm ZnFe2O4 sample at 1.5 K, 50 K, and 250 
K (for + -/- + combinations of flippers, F1 and F2). 
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Figure 6-4: The magnetic scattering patterns of the Φ ~ 21 nm ZnFe2O4 sample at 1.5 K, 25 K, 75 K, and 
250 K (for + -/- + combinations of flippers, F1 and F2). 
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Figure 6-5: The magnetic scattering patterns of the Φ ~ 90 nm ZnFe2O4 sample at 1.5 K, 30 K, and 295 
K (for + -/- + combinations of flippers, F1 and F2). 
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For clarity, we plot the magnetic scattering of the Φ ~ 90 ZnFe2O4 sample at 1.5 K 
alone in Figure 6-6 with appropriate labelling, to aid our discussions of the magnetic 
scattering.  
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Figure 6-6: The magnetic scattering pattern of the Φ ~ 90 nm ZnFe2O4 sample with all antiferromagnetic 
and ferrimagnetic peaks, observed at 1.5 K (for + -/- + combinations of flippers, F1 and F2). 
All the antiferromagnetic and ferrimagnetic peaks at 1.5 K are shown in Figure 
6-6, which is consistent with the corresponding positions obtained from the neutron 
diffraction patterns along with their calculated and observed intensities in Table 6-1. 
This pattern is taken as a general model of magnetic scattering of nanostructured 
ZnFe2O4 samples. This magnetic model is based on the tetragonal lattice model 
described by Fayek et al. [42] and shown in Figure 6-9.  
Figure 6-2 to Figure 6-5 also show the thermal and mechanical activation effect 
on antiferromagnetism of all samples. From these figures, at 1.5 K, it is observed that all 
ZnFe2O4 samples possess the antiferromagnetic (a/f LRO) peaks (10
1
2
) and (10
3
2
) at Q 
positions 0.831 Å
-1
 and 1.34 Å
-1
, respectively. As the temperature goes above 1.5 K, the 
a/f LRO peaks disappear transforming into the antiferromagnetic short-range order (a/f 
SRO). At higher temperature approaching 300 K, this a/f SRO peak also diminishes. At 
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the same time, the ferrimagnetic peaks at (111) and (220) are observed at 1.288 Å
-1
 and 
2.103 Å
-1
, respectively, for all samples with much lower thermal dependence. 
Magnetic 
Order 
Reflection Peak 
Position 
Q (Å
-1
) 
Peak Intensity I 
(arbitrary units) 
Structure 
Factor 
F 
Magnetic 
Form Factor 
Magnetic 
Moment 
μ 
(μB/atom) 
h k l Calculated 
Icalc 
Measured 
I 
Fe
2+
 Fe
3+
 
Nuclear 
1 1 1 1.288 252 252 (16) 8 N/A N/A - 
2 2 0 2.103 162 162 (13) 16 N/A N/A  
Antiferro- 
magnetic 
1 0 1
2
 
0.831 459 460 (21) 10.45 N/A 0.96 1.61 (1) 
1 0 3
2
 
1.340 40 N/A 4.33 N/A 0.91  
2 1 1
2
 
1.704 29 29 (5) 4.33 N/A 0.86  
2 1 3
2
 
2.002 151 143 (12) -10.45 N/A 0.81  
1 0 5
2
 
18  -4.33 N/A 0.81  
3 0 1
2
 
2.261 50 61 (8) -10.45 N/A 0.77  
Ferri- 
magnetc 
1 1 1 1.288 94 94 (10) -11.31 0.90 0.92 0.76 (1) 
2 2 0 2.103 15 15 (4) 0.00 0.76 0.81  
Table 6-1: Indexing and peak positions with relative intensities of magnetic peaks observed from the 
neutron scattering of the Φ ~ 90 nm ZnFe2O4 sample at 1.5 K. 
The inversion increased from 0.008 to 0.35, i.e., the size of ZnFe2O4 samples 
decreased from Φ ~ 90 nm to Φ ~ 9 nm because of mechanical activation. Meanwhile, 
antiferromagnetism gradually decreases with decreasing particle size. The magnetic 
scattering of the investigated nanostructured ZnFe2O4 samples exhibits three distinctive 
features as below: 
1. Antiferromagnetic long-range order (a/f LRO) which is consistent with the previous 
model of Fayek et al. [42];  
2. Ferrimagnetic long-range order (ferri LRO) which consistent with the previous model 
of  Shull et al. [41]; and 
3. Antiferromagnetic short-range order (a/f SRO) or diffuse scattering. 
 There is further magnetic scattering observed at small angles in the magnetic 
scattering patterns of milled samples (Figure 6-2 to Figure 6-4) varied from Φ ~ 21 nm 
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to Φ ~ 9 nm, which has unidentified nature. This scattering will be considered further in 
section 7.3.1.2.  
6.1.3 Effect of Thermal and Mechanical Activation on 
Magnetic Order  
6.1.3.1 Antiferromagnetic Long-Range Order  
The neutron diffraction data of Figure 6-2 to Figure 6-5 are processed by the software 
LAMP [237], using Pseudo-Voigt fitting. The peak positions and their areas from 
LAMP were compared with those obtained from calculation. From the neutron 
diffraction patterns, the same antiferromagnetic long-range ordering (a/f LRO) is 
observed for all four nanoparticulate ZnFe2O4 samples. Table 6-1 shows the intensities 
of different antiferromagnetic reflections for the Φ ~ 90 nm ZnFe2O4 sample, observed 
and calculated at 1.5 K. 
Figure 6-7 shows an overlay of the magnetic scattering from all samples at 1.5 
K. This figure highlights the reduction in the antiferromagnetic moments and 
proportionate increase in the ferrimagnetic moments as crystallite size decreases with 
ball milling. From Figure 6-7, it is found that all the samples have antiferromagnetic 
peaks at all (h k
l
2
) reflections, with ‘l’ and ‘h+k’ odd only [42]. It is also seen from the 
neutron diffraction patterns that there is a systematic peak broadening due to ball 
milling with decreasing particle size. 
According to Shull et al. [41] and Fayek et al. [42], all the possible a/f LRO 
occurs due to the magnetic contribution only from the [B]-site Fe
3+
 ions. Shull et al. in 
1951 [41] derived the antiparallel magnetic arrangement of Fe
2+
 and Fe
3+ 
ions for 
magnetite (Fe3O4) which leads to ferrimagnetism as shown in Figure 6-8. The formula 
(A)[B2]O4 is for the normal spinel Fe3O, just like ZnFe2O4.  
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Figure 6-7: The magnetic scattering patterns of the Φ ~ 90 nm, Φ ~ 21nm, Φ ~ 15 nm, and Φ ~ 9 nm 
ZnFe2O4 samples with all antiferromagnetic and ferrimagnetic peaks observed at 1.5 K (for + -/- + 
combinations of flippers, F1 and F2). 
Figure 6-8 is a portion of the magnetic cell of Fe3O4, where ions from the (A) 
and [B] sites couple antiparallel with each other, as discussed by Verwey and Heilmann 
in 1947 [238].  
 
Figure 6-8: One quarter of the magnetic unit cell of Fe3O4 with the antiferromagnetic arrangement of the 
ions. The ions occupying the (A) and [B] sites are shown by the red and blue circles, respectively [101]. 
In this figure, the (A) site is occupied by one Fe
3+
 ion with a positive moment 
(red circles), and the [B] site is occupied randomly by equal Fe
2+ 
and
 
Fe
3+ 
ions with a 
negative moment (blue circles). In an inverted Fe3O4, Shull et al. [41] reported that an 
Fe
3+
 ion on the (A) site has a moment magnitude of 3 μB, and Fe
2+ 
and
 
Fe
3+ 
 ions on the 
[B] site have a moment magnitude of 5 μB. In Fe3O4, Fe
3+
 ions couple ferrimagnetically 
on the (A) sites, and Fe
2+ 
and
 
Fe
3+
 ions couple ferromagnetically on the [B] sites. 
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Furthermore, the (A) and [B]-sited Fe ions couple antiferromagnetically. Following 
mechanical activation, Fe
2+ 
ions occupy the (A) sites, and Fe
3+
 ions occupy the [B] sites. 
Fe
2+ 
ions on the (A) site couple ferromagnetically, and Fe
3+
 ions follow no specific 
orientation, i. e. no antiferromagnetic coupling across the (A) and [B] sites occurs. It 
was revealed that antiferromagnetism appears because of the [B]-site Fe
3+
 ions, in 
normal Fe3O4. Similarly, the a/f LRO originates in our studied samples  
Development of the a/f LRO in the investigated samples is understood from this 
discussion which is supported by the well-established model of Fayek et al. (1970) [42], 
and this unique magnetic order depends on temperature, T, and inversion parameter, c. 
According to the antiferromagnetic model of Fayek et al., the possible positions of the 
Fe ions, on the [B] sites of ZnFe2O4, are in four sublattices as given in the Table 6-2.  
Sublattice x y z Sign 
1 1
8
 
1
8
 
5
16
 
1 
2 1
8
 
1
8
 
13
16
 
- 1 
3 1
8
 
5
8
 
9
16
 
- 1 
4 1
8
 
5
8
 
1
16
 
1 
Table 6-2: Possible antiferromagnetic arrangements in the four Fe sublattices of ZnFe2O4. 
In each of the sublattices, the Fe ions on the [B] site are arranged over eight 
positions as below: 
(𝑥, 𝑦 , 𝑧), (?̅?,  ?̅?, 𝑧), (?̅?, 𝑥,
1
2
 - z), (𝑦, ?̅?,
1
2
 - z), (𝑥 +
1
2
, 𝑦 +
1
2
, 𝑧 +
1
2
), 
          (
1
2
 −  x,   
1
2
 −  y, 𝑧 +
1
2
), (
1
2
 −  y,   𝑥 +
1
2
, 𝑧), and (𝑦 +
1
2
,
1
2
 −  x, 𝑧̅). 
The antiferromagnetic unit cell is doubled along the z-axis relative to the cubic- 
crystallographic cell. Therefore, Fe
3+ 
ions can be distributed on the [B] site in 32 distinct 
positions. All possible 32 positions of Fe
3+ 
ions on the [B] site in a magnetic cell, 
according to the model of Fayek et al. [42], and are shown with spin directions in Table 
6-3. Accordingly, we can propose the model for bulk ZnFe2O4 where 32 ions have 
specific positions on the [B] site, which only contribute to the magnetism as shown in 
Figure 6-9.  
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Figure 6-9: All possible positions of Fe
3+
 ions on the [B] site with spin directions, where the red arrows 
indicate the positive up spins and the blue arrows indicate the negative down spins. 
Figure 6-2 to Figure 6-5 show that as the particle size decreases with mechanical 
activation, the intensity of the (10
1
2
) magnetic peak decreases and the peak broadens, 
observed only at 1.5 K, whereas increased scattering is observed on the Bragg peaks 
(111) and (220). Here, the neutron diffraction patterns demonstrate the fact that at a 
higher temperature (at 295 K for the Φ ~ 90 nm and 250 K for the Φ ~ 21 nm ZnFe2O4) 
the a/f LRO transforms into ferrimagnetism in nanoparticulate ZnFe2O4 with cationic 
inversion and thermal effect. 
From Figure 6-7 it is perceived that with increase of the inversion parameter, c, 
from 0.008 to 0.35, the a/f LRO intensity decreases. The most prominent peak is 
observed in the (10
1
2
) reflection. The a/f LRO decreases systematically from 1.8 (a.u.) 
to 0.35 (a.u.) as the nanoparticulate size diminishes from Φ ~ 90 nm to Φ ~ 9 nm. The 
intensity of the a/f LRO(10
1
2
)  peak for the Φ ~ 90 nm sample is five times higher than 
that of the Φ ~ 9 nm sample, observed at 1.5 K. This indicates that mechanical 
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activation influences the nanoparticulate ZnFe2O4 samples with a regular decrease of 
the a/f LRO [148, 239]. 
j xj yj zj Moment direction 
1 1/8 1/8 1/3 1 
2 1/8 1/8 4/5 -1 
3 1/8 5/8 4/7 -1 
4 1/8 5/8 0 1 
5 - 1/8 - 1/8 1/3 1 
6 - 1/8 - 1/8 4/5 -1 
7 - 1/8 - 5/8 4/7 -1 
8 - 1/8 - 5/8 0 1 
9 - 1/8 1/8 1/5 1 
10 - 1/8 1/8 - 1/3 -1 
11 - 5/8 1/8 -0 -1 
12 - 5/8 1/8 4/9 1 
13 1/8 - 1/8 1/5 1 
14 1/8 - 1/8 - 1/3 -1 
15 5/8 - 1/8 -0 -1 
16 5/8 - 1/8 4/9 1 
17 5/8 5/8 4/5 1 
18 5/8 5/8 1/3 -1 
19 5/8 1/8 0 -1 
20 5/8 1/8 4/7 1 
21 3/8 3/8 4/5 1 
22 3/8 3/8 1/3 -1 
23 3/8 - 1/8 0 -1 
24 3/8 - 1/8 4/7 1 
25 3/8 5/8 - 1/3 1 
26 3/8 5/8 - 4/5 -1 
27 - 1/8 5/8 - 4/7 -1 
28 - 1/8 5/8 -0 1 
29 5/8 3/8 - 1/3 1 
30 5/8 3/8 - 4/5 -1 
31 1/8 3/8 - 4/7 -1 
32 1/8 3/8 -0 1 
Table 6-3: 32 cationic positions for Fe
3+
 ions with corresponding directions on the [B] site of a magnetic 
cell, according to the model of Fayek et al. [42]. 
A normal ZnFe2O4 is basically antiferromagnetic. The ferromagnetic coupling 
due to Fe
2+
 ions on the (A) site, and antiferromagnetic coupling between the (A) and 
[B]-site Fe ions establish the magnetic order of a normal ZnFe2O4. As the ZnFe2O4 
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sample experiences mechanical activation, inversion of ions occurs across the (A) and 
[B] sites and with decreasing particulate size, the a/f LRO diminishes at a higher Q 
positions. At this point, the sample is in an intermediate state between a normal and an 
inverse spinel ferrite. On the other hand, the [B] site is occupied by Zn
2+
 and Fe
2+
 ions, 
and Fe
3+ 
ions in the proportion 1 to 6. Accordingly, Fe
3+
 ions migrate from the [B] site 
to the (A) site, and Zn
2+
 and Fe
2+
 ions migrate from the (A) site to the [B] site. As a 
result, antiferromagnetism due to the antiferromagnetic coupling developed among the 
Fe ions of the (A) and [B] sites, is suppressed by the increasing Fe
2+
-Fe
3+
 ferromagnetic 
coupling on the [B] site, and Fe
3+
-Fe
3+ 
ferrimagnetic coupling on the (A) sites. When 
the inversion is at its maximum, the a/f LRO diminishes with the lowest
 
antiferromagnetic coupling across the (A) and [B] sites, and ferrimagnetic order 
develops simultaneously. 
6.1.3.2 Ferrimagnetic Long-Range Order 
The long-range ferrimagnetic coupling for the series of nanoparticulate ZnFe2O4 
samples is investigated by using a combined theoretical and experimental approach in 
this current investigation. The one-dimensional diffraction patterns for all the studied 
samples at 1.5 K are already illustrated in Figure 6-7. Ferrimagnetic peaks are observed 
with indices (hkl), where h, k, and l (either all even or odd integer) are the indices for 
the spinel-type unit cell. Accordingly, the (111) and (220) reflections correspond to the 
ferrimagnetic long-range order (ferri LRO), and are observed for all nanoparticulate 
ZnFe2O4 samples of interest. These peaks are consistent with the observation of Fayek 
[42] as seen in magnetite (Fe3O4) and described by Shull et al. [41]. This long-range 
magnetic order is observed even at a higher temperature (Figure 6-2 and Figure 6-5).  
In ZnFe2O4, antiferromagnetism develops due to the aniferromagnetic coupling 
of the first-nearest neighbor of the octahedral Fe
3+
 ions. When an inversion happens due 
to mechanical activation, some defects occur because of ferrimagnetic coupling of the 
tetrahedral Fe
3+
 ions. As a result, ferrimagnetism occurs along with the a/f LRO, in the 
investigated sample while it is milled.  
We investigate the (111) and (220) ferri LRO reflections as a function of 
inversion parameter, c, at 1.5 K for all samples, from Figure 6-7. From this figure, we 
observe that the intensity of ferrimagnetic order in ZnFe2O4 increases with decreasing 
particle size. The ratio of intensity of different ferri LRO to nuclear reflections as a 
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function of inversion, c, is illustrated in Figure 6-10, and the variation of intensity as a 
function of temperature, T (K), for different samples, in Figure 6-11, to clarify the 
different magnetic regions in the magnetic phase diagram (Figure 6-12). 
Figure 6-10 shows the ratios of magnetic to nuclear intensity (IM/IN) of the (111) 
and (220) reflections as a function of inversion parameter, c. With increasing milling, 
ferrimagnetism gradually develops for both reflections for decreasing particle size from 
Φ ~ 90 nm to Φ ~ 9 nm.           
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Figure 6-10: Variation of the intensity ratios for the magnetic to nuclear scattering, (IM/IN), of the (111) 
and (220) reflections as a function of inversion parameter, c. Here, the black curve indicates IM/IN for the 
(111) reflection, and the blue curve shows IM/IN for the (220) reflection. Lines are guides for the eye. 
 
Particle 
Size Φ (nm) 
Inversion 
Parameter 
c 
Ratio of magnetic 
intensity to nuclear 
intensity 
 IM/IN (111) IM/IN (220) 
9 0.35 1.91 (1) 0.21 (1) 
15 0.146 1.67 (1) 0.18 (1) 
21 0.064 1.40 (1) 0.16 (1) 
90 0.008 0.36 (1) 0.04 (1) 
Table 6-4: Ratio of the magnetic intensity to the nuclear intensity, (IM/IN), of the (111) and (220) peaks 
observed for the Φ ~ 90 nm to Φ ~ 9 nm ZnFe2O4 samples at 1.5 K. 
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Additionally, we observe that the relative intensity at the (111) reflection is the 
highest of 1.91 for the sample with the highest c of 0.35 ((Table 6-4). Moreover, the 
lowest 0.36 is for the sample with the lowest c of 0.008. Therefore, the ferrimagnetic 
intensity is five times larger for the Φ ~ 9 nm sample (milled) compared to the Φ ~ 90 
nm one (unmilled). The increasing ferri LRO of these samples against c follows the 
same trend for the (220) reflection. 
This observation indicates that the larger the crystalline size, the weaker the 
ferrimagnetism because of weak moment coupling induced by Fe
3+
 ions on the (A) site, 
and the smaller the crystalline size, the stronger the ferrimagnetism because of a 
stronger Fe
3+
 moment coupling on the (A) site [156, 157]. Moreover, the ferrimagnetic 
intensity at the (111) reflection is higher than that at the (220). Simultaneously, intensity 
of the a/f LRO peaks varies for different reflections, observed from Figure 6-7.  
The variation of ferrimagnetic intensity in the (111) reflection, for the Φ ~ 21 
nm and Φ ~ 90 nm samples, as a function of temperature, T, is plotted in Figure 6-11.  
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Figure 6-11: Temperature-dependent intensity of the (111) reflection for the Φ ~ 90 nm sample is 
represented by the blue curve, and for the Φ ~ 21 nm sample is represented by the pink curve, from the 
D7 data. The calculated M(T)/M(0) ratios for the Φ ~ 90 nm and Φ ~ 21 nm samples are shown by the red 
and black curves, respectively. Here M(T) is the magnetic scattering at temperature, T, and M(0) is the 
magnetic scattering at zero temperature. 
We observe the variation of intensity for the two largest samples Φ ~ 90 nm and 
Φ ~ 21 nm, as all three magnetic components are noticeable for these two samples. 
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Figure 6-11 shows that even at different temperatures, ranging from 1.5 K to 295 K, the 
magnetic orders are significant for these two samples. Here the fitted lines are obtained 
by applying the Bloch 3/2 power law [240, 241] as written below: 
 M(T) = M(0) × [1 − (
T
Tc
)n] (6-1)  
where M(T) is the spontaneous magnetization at temperature, T, and M(0) is the 
spontaneous magnetization at absolute zero temperature, and T
C
 is the Curie 
temperature. In this investigation we used n = 
3
2
 for an isotropic ferromagnet. 
From the temperature-dependent intensity of the (111) ferrimagnetic reflection, 
fitted by the Bloch 3/2 power law (presented in Figure 6-11), we get information about 
the ferrimagnetic content below the TC for Fe (1043 K), from the corresponding fitted 
lines. From the trend lines of this figure, TC for the Φ ~ 21 nm and Φ ~ 90 nm samples 
are found at 468 K and 71 K, respectively.  
It is observed from this figure that T
C
 for the samples increases with increasing 
c. Figure 6-11 explains that saturation magnetization, MS, for samples does not change 
with inversion; nevertheless, the magnetization of the bulk particle (Φ ~ 90 nm) 
becomes closer to its initial magnetization than that of smaller one (Φ ~ 21 nm). For the 
Φ ~ 90 nm sample ferrimagnetism disappears below room temperature, whereas for the 
Φ ~ 21 nm sample, ferrimagnetism exists at a higher temperature, even above 400 K. 
Therefore, a smaller particulate sample is more ferrimagnetic than a bulk sample. 
In this perspective, we agree with Kamazawa et al. [40]. According to 
Kamazawa et al., T
C
 below 100 K for any sample arises from the antiferromagnetic 
component and antiferromagnetism develops at a lower temperature as shown in Figure 
2-8. Previously we observed that Φ ~ 90 nm ZnFe2O4 mainly possesses 
antiferromagnetic ordering, which dominates at a low temperature. Meanwhile, the 
ferrimagnetic component dominates at a higher temperature, both for the milled and 
unmilled samples. The Bloch 3/2 power-law presentation, in Figure 6-11, shows that a 
higher T
C
 is associated with a milled sample and a lower T
C
 is associated with the larger 
particulate one, which is also supported by Kamazawa et al. [40]. 
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Moreover, this observation shows consistency with Hoffmann et al. [25] in 
respect to T
C
 for a sample of a particular size. This view is also supported by Schäfer et 
al. [150]. From the magnetic phase diagram, represented by Hoffmann et al. (Figure 
2-9), it was found that T
C
 for a Φ ~ 21 nm sample is approximately 460 K, and for a Φ 
~ 90 nm sample is approximately 100 K. The value of T
C
 of the studied ZnFe2O4 
samples, from Φ ~ 9 nm to Φ ~ 90 nm, is illustrated in Figure 6-12. This magnetic phase 
diagram can be correlated with the magnetic phase diagram presented by Hoffmann et 
al. in Figure 2-9. The magnetic phase diagram, plotted with temperature (TN or TC) as a 
function of inversion parameter, c, is illustrated in the Appendix as Figure A-6. 
0 15 30 45 60 75 90
0
100
200
300
400
500
600
700
Antiferromagnetic SRO (+ferri LRO)
Ferrimagnetic LRO
Paramagnetic
 T
N
 (Ferrimagnetic LRO)
 T
N
 (Antiferromagnetic LRO)
 T
N
 (Antiferromagnetic SRO)
Particle Size  (nm)
T
e
m
p
e
ra
tu
re
 T
C
  o
r 
T
N
 (
K
)
Antiferromagnetic LRO (+a/f SRO + ferri LRO)
 
 
Figure 6-12: The magnetic phase diagram for the Φ ~ 9 nm to Φ ~ 90 nm ZnFe2O4 samples is plotted 
with the Néel temperature, TN (K), or the Curie temperature, TC (K). Lines are guides for the eye. 
Figure 6-12 shows the regions occupied by different magnetic orders, the ferri 
LRO, a/f LRO, and a/f SRO, for the studied ZnFe2O4 samples. Here the phase boundary 
for the a/f SRO is extracted from the magnetic phase diagram presented by Hoffmann et 
al. and reproduced in Figure 2-9. 
From the magnetic phase diagram, it is observed that T
C
 (proportional to T
N
), for 
the ferrimagnetic LRO region (the black curve), decreases from around 600 K to 80 K 
with increasing the particulate size of samples from Φ ~ 9 nm to Φ ~ 90 nm. Therefore, 
ferrimagnetic order increases with decreasing particle size. Additionally, from the a/f 
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LRO phase (the red curve), we observe that T
N
 for antiferromagnetism remains 
unchanged with changing particle size, which means that the a/f LRO is preserved in 
ZnFe2O4 samples with increasing milling, whereas for the a/f SRO (diffuse peak) phase 
(the blue curve), T
C
 decreases with decreasing particle size from Φ ~ 90 nm to Φ ~ 9 
nm. Consistent with Kamazawa et al. [40], the a/f LRO and a/f SRO of nanoparticulate 
ZnFe2O4 develop below 100 K. 
The nanoparticulate samples exhibit a decreasing TC (the ferri LRO phase) with 
increasing particle sizes which indicates a developing strong magnetic behaviour with 
milling the sample. With mechanical activation, Zn ions are allocated on the [B] site, 
and the Fe ions are redistributed across the (A) and [B] sites, which gives rise to some 
defects. Accordingly, the magnetic ordering in the investigated samples changes, and 
ferrimagnetism co-exists with increasing antiferromagnetism in all nanoparticulate 
ZnFe2O4 samples.  
6.1.3.3 Antiferromagnetic Short-Range Order 
The antiferromagnetic long-range (a/f LRO) and ferrimagnetic long-range order (ferri 
LRO) are accompanied by antiferromagnetic short-range order (a/f SRO) in our 
investigated nanostructured ZnFe2O4 samples. Above TC, the moments have stronger 
short-range order rather than long-range order.  
The a/f SRO is visible in nanostructured ZnFe2O4 as a diffuse peak. In the 
diffraction pattern of the Φ ~ 90 nm ZnFe2O4 sample, a big hump is observed under the 
(10
1
2
) peak, as shown in Figure 6-6 (observed at temperature 1.5 K). This hump is 
approximately 20% of the (10
1
2
) magnetic peak. Above 1.5 K, at 30 K, the magnetic 
peak (10
1
2
) is absorbed into this hump, which transforms into a broad diffuse peak. The 
Φ ~ 21 nm ZnFe2O4 sample also shows diffuse magnetic scattering above TN, but not 
above 25 K as shown in Figure 6-4. 
Figure 6-4 and Figure 6-5 show that the diffuse scattering is a function of the 
magnetic form factor as well as of temperature [242]. This is evidence that this type of 
magnetic ordering is due to the antiferromagnetic coupling of the first-nearest neighbor 
of the [B] site Fe
3+
 ions [40]. It is established that diffuse scattering changes drastically 
with temperature. As the temperature increases, the a/f LRO transforms more to the a/f 
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SRO which shows consistency with the study of Fayek et al. [42] and Kamazawa et al. 
[40].  
The a/f SRO is observed in Figure 6-13 for the Φ ~ 90 nm sample, obtained 
from the D7 data. In this figure, the magnetic intensity, IM (Q), with different scale 
factors, α, is plotted against peak position, Q, for different temperatures to correct the 
intensity for the thermal dependence in the isotopic magnetic diffuse scattering 
intensity, in order to separate the a/f SRO. 
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Figure 6-13: The magnetic scattering of the Φ ~ 90 nm sample. Here the magnetic scattering amplitude, 
IM (Q), at 30 K, is represented by the black curve. IM (Q) at 295 K, with a scale factor (α) of 1.1 is shown 
by the blue curve.  The difference between these two intensities is IM (Q) = IM (30 K) -1.1 x IM (295 K), 
and is shown by the red curve. 
In Figure 6-13, the black curve indicates the magnetic scattering intensity, IM, 
at 30 K. The blue curve is IM at 295 K, scaled with a factor α = 1.1, which best reflects 
the measured difference in diffracted intensity of the (111) peak between 30 K and 295 
K. The a/f SRO is isolated by subtracting the magnetic scattering at 30 K from that at 
295 K thus:  
 IM (Q) = IM (30 K) – 1.1 x IM (295 K) (6-2)  
which is shown by the red curve in Figure 6-13. The calculated IM (Q) from the above 
equation is plotted in Figure 6-14, along with the IM (Q) obtained at 30 K and 295 K for 
the Φ ~ 90 nm sample. In this figure, the black dotted curve represents the magnetic 
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scattering, for the Φ ~ 90 nm sample, calculated from the Warren-Cowley formula, from 
equations (3-51) and (3-50), to discuss the origin of the SRO with the appropriate 
Warren-Cowley parameter, αi.  
In Figure 6-14, the blue dotted curve is the difference between magnetic 
scattering at 30 K and 295 K and was obtained from the above equation for magnetic 
scattering intensity, IM (Q). The red dotted curve represents the difference between the 
observed magnetic scattering and the fit, represented by the blue and the green dotted 
curves, respectively. The regions correspond to the (111) and (220) Bragg reflections, 
which contain ferrimagnetic contributions, are omitted from the fit.  
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Figure 6-14: Illustration of the antiferromagnetic short-range order from the neutron diffuse scattering 
data for the Φ ~ 90 nm sample. Here the blue dotted curve indicates the magnetic scattering intensity, IM 
(Q), obtained from IM (Q) = IM (30 K) – 1.1 x IM (295 K). The green dotted curve is the fit of magnetic 
scattering, f
2
 x M
2
 (Q), calculated from the Warren-Cowley formula with magnetic structure factor, f. The 
red dotted curve indicates the difference between the magnetic scattering obtained from the observed data 
and the fit. 
In Figure 6-15, the ratios (
𝛼𝑖
𝛼0
) of the Warren-Cowley short-range order 
coefficients of the i
th 
nearest-neighbor shells, αi to α0, are plotted against the distance to 
the associated nearest-neighbor shell. From this plot, it is observed that two types of 
magnetic coupling of the [B] site moments can occur to form the a/f SRO and 
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consequently the diffuse scattering; one is the parallel spin coupling, and another is the 
negative (antiferromagnetic) spin coupling; which occurs in different shells. Here, the 
Warren-Cowley short-range-order coefficients indicate both antiparallel and parallel 
spin couplings. Antiparallel spin coupling occurs at the 1
st
, 3
rd
, and 5
th
 odd nearest-
neighbor positions of [B]-site Fe
3+
 with corresponding αi equal to -0.152, -0.408, and-
0.194 (Table 6-5), respectively. Simultaneously, spin coupling happens at the 4
th
 and 6
th
 
even nearest-neighbor positions of [B]-site Fe
3+
 with corresponding αi equal to 0.417 
and 0.041, respectively. No significant spin coupling occurs at the 2
nd
 and 7
th
 nearest-
neighbor positions.  
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Figure 6-15: Plot of the magnetic short-range order coefficients, αi/α0, for the Φ ~ 90 nm ZnFe2O4 
sample, observed at 30 K. 
The temperature-dependent a/f LRO of nanoparticulate ZnFe2O4 decreases as 
temperature increases and entirely diffuses at a higher temperature (above 30 K). From 
the neutron diffuse scattering it is established that, at 30 K, the correlation length for the 
Φ ~ 90 nm sample is 8 x 10
-10
 m. This correlation length is within the distance between 
the ferromagnetic coupling of the 1
st
 nearest-neighbor of Fe
3+
 on the [B] sites (5.16 x 
10
-10
 m) [40]. At 295 K, antiferromagnetic diffuse scattering does not occur in the Φ ~ 
90 nm sample, and at the same time ferrimagnetic scattering is at its maximum intensity 
(Figure 6-5). Similar behavior is also observed for the Φ ~ 21 nm sample (Figure 6-4). 
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Fe
3+
 nearest-
neighbor 
0 1 2 3 4 5 6 7 
Warren-Cowley 
co-efficient αi 
0.249 
(1) 
-0.152 
(1) 
0.048 
(1) 
-0.408 
(1) 
0.417 
(1) 
-0.194 
(1) 
0.041 
(1) 
0.067 
(1) 
αi /(n.n.α0) 
1.000 
(1) 
-0.101 
(1) 
0.016 
(1) 
-0.136 
(1) 
0.139 
(1) 
-0.032 
(1) 
0.027 
(1) 
0.006 
(1) 
Table 6-5: Warren-Cowley parameter of the 1
st
 to 7
th
 nearest-neighbor Fe
3+
 on the [B] sites. 
Therefore, in ZnFe2O4, the short-range magnetic order develops due to the 
antiferromagnetic coupling of the 1
st
 nearest-neighbor of Fe
3+
 on the [B] sites which 
diminishes gradually with the increasing mechanical activation at a higher temperature.  
 Magnetic Structure Outlook 6.2
Our experimental and analytical investigation of the magnetic structure of 
nanostructured ZnFe2O4 has added considerable detail and precision. Analyzing the 
experimental data of the neutron diffuse scattering and corresponding calculation for 
different nanoparticulate ZnFe2O4 samples, we get a very complex, but fascinating 
magnetic behavior for this material. The magnetic structure of the samples is 
complicated due to thermal effects and mechanical activation. The co-existence of 
antiferromagnetic long-range (a/f LRO) and ferrimagnetic long-range order (ferri LRO) 
followed by the antiferromagnetic short-range order (a/f SRO) in nanostructured 
ZnFe2O4 is established from neutron polarization analysis. 
From the neutron diffraction patterns (Figure 6-4 and Figure 6-5) and 
calculation, it is observed that the antiferromagnetic peaks occur only at (hkl/2) 
positions, i. e., at (10
1
2
), (10
3
2
), (21
1
2
), (21
3
2
), (10
5
2
), and (30
1
2
). These two figures 
confirm the presence of the antiferromagnetic order in a smaller sample (Φ ~ 21 nm) as 
well as in a bulk sample (Φ ~ 90 nm). The origin of this type of contribution is the 
nearest-neighbor coupling of ferromagnetic [B]-site moments of a tetragonal lattice 
model [243], i. e., only Fe
3+
 ions from the [B] site contributed to the antiferromagnetism.  
The data fitting, obtained from LAMP, shows that antiferromagnetism 
transforms with the variation of temperature and inversion. The magnetic contribution 
along with the nuclear scattering at the (111) and (220) reflections are ferrimagnetic. 
The change of magnetic ordering in the investigated samples occurs because of re-
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allocation of Zn
2+
 ions on the [B] sites, and the re-distribution of the Fe ions across the 
(A) and [B] sites. It is observed that the larger the crystalline size the weaker the 
ferrimagnetism, because of weak moment coupling induced by the Fe ions. Moreover, a 
stronger ferrimagnetic order develops in a milled sample because of stronger moment 
coupling.  
At the same time, these ferrimagnetic peaks become stronger at a higher 
temperature, which makes it clear that the samples are not purely antiferromagnetic. 
Above the Curie temperature, T
C
, with the variation of moment on the [B] site, the 
magnetic phase of samples transforms from antiferromagnetic to ferrimagnetic. Again, 
even at the highest investigated temperature, antiferromagnetism is established in the 
samples as a diffuse peak. Comparing the diffraction patterns (Figure 6-4 and Figure 
6-5) at different temperatures for the Φ ~ 21 nm and Φ ~ 90 nm samples, it is found that 
above 1.5 K, antiferromagnetic behavior contributes in the magnetic structure, which is 
not as an a/f LRO but as a diffuse peak due to a/f SRO.  
Reflection Normalized intensity 
Boucher's model Present work 
h k l jq
2
Fm
2
(cal)' jq
2
Fm
2
(obs)' Ical' I(obs)' 
1     0     1
2
 
1.0 1.0 1.0  1.0 (1)  
1     0     3
2
 
0.2 0.2 0.0  0.2 (1) 
2     1     1
2
 
0.3 0.3 0.2  0.2 (1) 
2     1     3
2
 
2.2 1.7 0.1  1.0 (1) 
1     0     5
2
 
0.3 - - - 
3     0     1
2
 
0.9 0.8 0.2  0.4 (1) 
Table 6-6: Comparison between the model of Boucher et al. [155] and the D7 data analyzed for the Φ ~ 
90 nm ZnFe2O4, observed at 1.5 K [jq
2
Fm
2
(cal)' and jq
2
Fm
2
(obs)' indicate the calculated and observed 
intensity, observed from Boucher et al.,  and Ical' and Iobs' indicate the calculated and observed intensity, 
from the D7 NDS data]. 
A hump develops under the a/f LRO (10
1
2
) reflection in Φ ~ 90 nm at 1.5 K 
(Figure 6-6). Above 1.5 K and below 25 K, the a/f LRO transforms entirely into a 
ferrimagnetic order along with the hump under the (10
1
2
) reflection. This hump is 
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wholly diffused at higher temperature (Figure 6-5). According to Boucher et al. [155], 
the a/f LRO occurs at 10.6 K. The goodness of fit of neutron scattering analysis is 
obtained by comparing with the model of Boucher’s et al. (Table 6-6). From this fit, it is 
found that the model of the antiferromagnetic moment that fitted our neutron 
polarization analysis data for the Φ ~ 90 nm ZnFe2O4 sample, contains moments that 
align perpendicular to the z-axis (basal plane).  
Antiferromagnetism is a manifestation of ordered magnetism. Hofmann 
performed the neutron diffraction of the same samples at lowest of 2 K [25]. We study 
NDS at lowest of 1.5 K to maximum of 295 K. From Figure 6-7, it is clearly observed 
that the a/f SRO exists in parallel with the a/f LRO, which reduces with decreasing the 
particle size, but does not vanish at Φ ~ 9 nm. The a/f SRO is visible only at lower Q 
positions with a very low intensity which reduces strongly with due in part to the 
magnetic form factor and in part to low magnetic correlation length. Whereas, the a/f 
LRO peak (103/2) at Q = 1.3 overlaps with the the ferrimagnetic peak (111).  
Whereas, the a/f LRO peak (103/2) at Q = 1.3 overlaps with the ferrimagnetic peak 
(111). The other a/f LRO peaks (21
1
2
), (10
5
2
), (21
3
2
), and (30
1
2
) are completely 
resolved from ferrimagnetic phase. 
According to this model, Fe
3+
 ions on the [B] site with (positive) up spin and 
(negative) down spin, align along the z-axis with a ratio 1:1 to give the 
antiferromagnetic order of bulk ZnFe2O4. Therefore, the interaction vector, q, involves 
the magnetic scattering intensity FM (equation (3-31)), associated with the positive and 
negative spin in equal proportion, as shown in Figure 6-16.  
Assuming ZnFe2O4 has a tetragonal lattice, the magnetic peaks reflections are 
obtained at (101), (103), (211), (105), (213), and (301). These peaks correspond to 
the (10
1
2
), (10
3
2
), (21
1
2
), (21
3
2
), (10
5
2
), and (30
1
2
) reflections, respectively, in the cubic 
lattice of ZnFe2O4 as shown in Figure 6-6. The fit to the antiferromagnetic peaks by the 
model of Fayek et al. [42] with the orientation of moments along the z-axis is presented 
in Figure A-5. According to the magnetic form factor for Fe
3+
, the best fit of the 
antiferromagnetic moment is obtained at the (10
1
2
) peak.  
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Figure 6-16: The magnetic interaction vector, q
2
, plotted against the moment angle to the z-axis for all 
magnetic reflections (101), (103), (211), (105), (213), and (301) while considering ZnFe2O4 as a 
tetragonal lattice. 
We calculated the value of magnetic interaction vector, q
2
, for all reflections 
using equation (3-43) and plotted average q
2
 values against moment angle along the z-
axis varied from 0
o
 to 90
o
 as in Figure 6-16. From this figure, it is found that in the bulk 
ZnFe2O4 sample, the antiferromagnetic order develops by an equal amount of the 
positive and negative spins of the [B]-site Fe
3+
 ions. 
With inversion, an imbalance occurs in the ratio of the positive and negative 
spins with the redistribution of Fe
3+
 ions across the (A) and [B] sites. Instead of the B-B 
antiferromagnetic coupling, Fe
3+
 ions exhibit the A-A ferrimagnetic coupling and the A-
B ferromagnetic coupling in a nanostructured ZnFe2O4 sample. Accordingly, with 
increasing inversion, the a/f LRO transforms into the ferri LRO with the diminishing a/f 
SRO. Temperature has a direct influence on this developing magnetic order.   
The absolute moments for the antiferromagnetic and ferrimagnetic phases are 
obtained by using the nuclear ((111) & (220)) peaks for calibrating the intensity and 
Debye-Waller (DW) factor (static disorder). The DW factor calculation assumes 
isotropic displacements from perfect crystallinity. The average best fit of the mean-
square displacement for the (111) and (220) peaks for the four samples is 0.46 Å. The 
nuclear and ferrimagnetic DW factors are same. The Debye-Waller factors of all 
180 
 
nuclear, antiferromagnetic and ferrimagnetic peaks for all studied samples, varied 
between Φ ~ 90 nm and Φ ~ 9 nm at 1.5 K, are summarized in Table 6-7. 
Particulate 
Size Φ (nm) 
Inversion 
Parameter 
(= Fe
2+
 in A 
site) 
Debye-Waller Factor DW (Å) 
Nuclear and 
Ferrimagnetic 
Antiferromagnetic  
9 0.35 0.654 (8) 0.654 (9) 
15 0.146 0.331 (6) 0.515 (7) 
21 0.064 0.409 (6) 0.684 (8) 
90 0.008 0.434 (7) 0.235 (5) 
Table 6-7: The Debye-Waller factor of nuclear, ferrimagnetic, and antiferromagnetic orders for numerous 
nanoparticulate ZnFe2O4 samples, Φ ~ 9 nm, Φ ~ 15 nm, Φ ~ 21 nm, and Φ ~ 90 nm, calculated at 1.5 K. 
The Q dependence of the intensity of the a/f peak does not follow the DW factor 
of the nuclear peaks, so the DW factor fits independently. The best fit for the a/f peaks 
of the unmilled (Φ ~ 90 nm) sample has a mean square displacement of ~ 0.235 Å, 
whereas for the milled sample (Φ ~ 9 nm) the average is ~ 0.654 Å. Given that the 
antiferromagnetism only involves the [B]-site ions, it is not unexpected that the DW 
factor can be smaller than the average involving all sites. Nor is it unexpected that the 
DW factor for the a/f part should increase significantly after milling. From Table 6-7, 
we can observe that for antiferromagnetic reflections, the DW factor increased by 64% 
from unmilled (Φ ~ 90 nm) to milled (Φ ~ 9 nm) sample. Moreover, the DW factor of 
the a/f order for the unmilled sample is smaller than the average DW for nuclear and 
ferrimagnetic reflections.  
The variation of the antiferromagnetic, ferrimagnetic, and ferromagnetic 
moments with inversion is illustrated in Figure 6-17, and also summarized for all four 
investigated ZnFe2O4 samples in Table 6-8. The fit of the ferrimagnetic part involves 
two reflections ((111) & (220)), and consequently has a magnitude for the [B]-site 
moment, and the ratio of the (A) and [B]-site moments. The magnetic form factors for 
Fe
2+
 and Fe
3+
 are used for the (A) and [B]-site moments, respectively.  
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Figure 6-17: Variation of sublattice moment for the ferrimagnetic Fe
3+
 ions (blue curve), the 
ferrimagnetic Fe
2+
 ions (purple curve), and the antiferromagnetic planar (red curve), as a function of 
inversion parameter, c, from 0.008 to 0.35 for different ZnFe2O4 samples. Lines are guides for the eye. 
Particulate 
Size of 
Sample Φ 
(nm) 
Inversion 
Parameter 
c 
Antiferromag- 
netic moment 
on the [B] site 
μa/f (μB/atom) 
Ferrimagnetic 
moment on 
the [B] site 
μferri (Fe
3+) 
(μB/atom) 
Ferrimagnetic 
moment on 
the [B] site 
μferri (Fe
2+) 
(μB/atom) 
Linear 
Sum 
Quadrature 
Sum 
9 0.35 0.57 (1) 0.97 (1) 1.13 (2) 1.54 (1) 1.64 (1) 
15 0.146 0.90 (1) 1.28 (1) 0.96 (2) 2.19 (1)  2.37 (2) 
21 0.064 1.22 (1) 1.42 (1) 0.91 (2) 2.63 (1) 2.90 (2) 
90 0.008 1.61 (1) 0.76 (1) 0.55 (2) 2.36 (1) 2.86 (2) 
Table 6-8: The antiferromagnetic and ferrimagnetic moment on the [B] site for all investigated 
nanostructured ZnFe2O4 samples. 
For bulk ZnFe2O4 (Φ ~ 90 nm), the antiferromagnetic moment on the [B] site 
(along the z-axis) is equal to 1.605 μB/atom, which is around 54% of the 3 μB/atom that 
is reported previously for the moment of bulk ZnFe2O4. Simultaneously, the 
ferrimagnetic moment is 0.76 μB/atom for Fe
3+
 ion, which is 15% of the 5 μB/atom that 
is reported for bulk magnetite (Fe3O4) by Fayek et al. [42]. The reason for this 
discrepancy is the inversion of ions across the (A) and [B] sites, introduced by 
mechanical activation. 
182 
 
For the Φ ~ 9 nm sample, the antiferromagnetic moment on the [B] site (along the 
z-axis) is equal to 0.57 μB/atom; which is 19% of the previously reported moment of 3 
μB/atom for bulk ZnFe2O4. The ferrimagnetic moment is 0.97 μB/atom on the [B] site, 
which is 19% of prior reported moment of 5 μB/atom for bulk Fe3O4. Thus, with the 
variation of inversion from 0.008 to 0.35, for our ZnFe2O4 samples, the 
antiferromagnetic moment decreases gradually from 1.61 μB/atom to 0.57 μB/atom, and 
the ferrimagnetic moment (for Fe
3+
 ions) increases from 0.76 μB/atom to 0.97 μB/atom. 
The ferrimagnetic moment for Fe
2+
 ions increases gradually from 0.55 μB/atom to 1.13 
μB/atom as a function of inversion, c, varied from 0.008 to 0.35. Therefore, the change 
in the ferrimagnetic moments is proportional to the inversion, c, and the change in the 
antiferromagnetic moment is inversely proportional to inversion, c. The gradually 
decreasing antiferromagnetic moment indicates that antiferromagnetism weakens with 
the decreasing particle size, and continues in samples as short-range ordering. 
Simultaneously, ferrimagnetism strengthens with the decreasing particulate size of the 
samples. 
In Figure 6-17, the red curve shows the gradual decrease of the antiferromagnetic 
moment, μa/f (μB/atom), the purple curve shows the ferrimagnetic moment, μferri 
(μB/atom), for Fe
2+ 
ions, and the blue curve shows the ferrimagnetic moment, μferri 
(μB/atom), for Fe
3+ 
ions. The error bars are quite large, as expected for a measurement 
involving nanoparticles. The antiferromagnetic order is just opposite of ferrimagnetism, 
both for Fe
2+
 and Fe
3+ 
ions.  
The average ratio of moments across the (A) and [B] sites is found to be 0.61 for 
nanoparticulate ZnFe2O4 which is supported by Shull et al. [41], though the presence of 
ferrimagnetism is unexpected to occur in nanoparticulate ZnFe2O4 according to the 
Shull et al. model. The striking feature we observe from our investigation is that even in 
our bulk ZnFe2O4 sample, ferrimagnetism exists over a considerable range of 
temperature.  
 Conclusions 6.3
We have studied the magnetic structure of nanostructured ZnFe2O4 by a set of partially 
inverted nanostructured ZnFe2O4 samples of particulate size from Φ ~ 9 nm to Φ ~ 90 
nm, associated with inversion parameter ranging from c ~ 0.35 to c ~  0.008, 
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respectively. The magnetic phase transition revealed the overall magnetic-order 
transformation, of this configuration, using neutron diffuse scattering with polarization 
analysis.  
The neutron polarization analysis has exposed the coexistence of three magnetic 
orders, i.e., antiferromagnetic long-range order, ferrimagnetic long-range order, and 
antiferromagnetic short-range order, in all investigated nanoparticulate ZnFe2O4 
samples. The magnetic phase transition maintains a regular trend as magnetic properties 
develops with mechanical activation along with the variation of temperature which 
agreed well with the previously reported investigation on nanostructured ZnFe2O4. Such 
magnetic behavior is quite exciting and far more complicated because of the highly 
defective nature of the chemical order, and it becomes even complicated when ferrites 
are milled into nanoparticulate form. 
  It is a great achievement to separate out the individual components of 
magnetism in such a complex magnetic system, particularly where nanoparticles are 
involved because the quality of the crystallographic (diffraction) information is reduced. 
With the increase of inversion and temperature, the nuclear and magnetic diffuse 
scattering was successfully separated by neutron polarization analysis. Most 
interestingly, a reflection at (10
1
2
) in Φ ~ 90 nm and Φ ~ 21 nm samples is observed at 
1.5 K which becomes diffuse above the Néel temperature, TN. Above 1.5 K, a 
continuous change of magnetization is found in the involved samples, and it is 
perceived that all samples exhibit antiferromagnetism at 1.5 K, but not at a higher 
temperature (> 25 K). Moreover, the diffuse peak in Φ ~ 90 nm and Φ ~ 21 nm samples 
became more diffuse and stronger diffusion is observed for the larger sample which 
diminishes after 50 K (on average). The intensity of the ferrimagnetic response 
increases proportionally with inversion, and the antiferromagnetic order weakens 
simultaneously.  
The magnetic relaxation of the investigated samples extends from 1.5 K to well 
above room temperature. The short-range magnetic order is due to the antiferromagnetic 
nearest-neighbor coupling and the magnetic moment is found to be perpendicular to the 
z-axis of a tetragonal lattice system where the magnetic unit cell of ZnFe2O4 is doubled 
in one direction relative to the cubic atomic unit cell (a, a, 2a). 
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Chapter 7 
 
7 Overall Conclusions  
 
This chapter gives the combined conclusions of this research. The knowledge 
discovered from the different experimental and analytical segments, both for 
nanoparticulate ZnFe2O4 and nanoparticulate MgFe2O4 are discussed here and also 
correlated with the previous knowledge. Moreover, the plans for continuation of this 
study are briefly addressed at the end of this chapter.  
 Previous Studies 7.1
Previously, numerous scientific approaches and researches were accomplished on 
nanostructured and bulk ZnFe2O4. Hofmann et al. [25], Hamdeh et al. [134], Shäffer et 
al. [150], and Stewart et al. [244], between 1997 and 2010, studied the magnetic 
structure of nanostructured ZnFe2O4 and observed the Néel temperature, TN, or the 
Curie temperature, TC, as a function of inversion parameter, c. While investigating the 
‘Magnetic properties of partially-inverted zinc ferrite aerogel powders,’ Hamdeh et al. 
in 1997 [134] showed that with the variation of c from 0.21 to 0.55, TC increased from ~ 
400 K to ~ 650 K. Shäffer et al. [150], in 2000, studied the structural and magnetic 
variations of  bulk ZnFe2O4, where the same trend of development of TN was observed 
as a function of c.  
Hofmann et al. in 2004 studied ‘The magnetic behaviour of nanostructured zinc 
ferrite’ [25] which clarified this study more reliably, for different magnetic order. 
Hofmann et al. presented a magnetic phase diagram, presented by TN or TC, against 
parameter, c. This phase diagram distinguished the different magnetic regions regarding 
these two characteristic temperatures. Trend lines for the antiferromagnetic long-range 
(a/f LRO) or the short-range order (a/f SRO) confirmed that TN or TC with the variation 
of c remains constant and was found approximately at 10 K. For ferrimagnetic order, the 
diagram displayed an incomplete but compelling trend with gradually increasing TN or 
TC with increasing c. According to this diagram, with the variation of c from 0.2 to 0.4, 
TN or TC varies from ~ 400 K to ~ 500 K. In 2010 Stewart et al. [244] studied the ‘Non-
equilibrium cation influence on the Néel temperature in ZnFe2O4.’ From this study, a 
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gradual increase of TN was observed against c, where TN or TC varies from 380 K to 525 
K with the variation of c from ~ 0.22 to ~ 0.4 and presented the similar trend of 
variation for TN or TC against c, also reflected in the present study.  
Essentially the bulk material (Φ ~ 90 nm) is crystallographically 
antiferromagnetic, and ferromagnetic (a/f) character is only a manifestation of 
crystallographic defects. Ball milling to Φ ~ 21 nm, provides a huge increase in defect 
concentration (through inversion) with a con-commensurate increase in ferrimagnetic 
correlations. 
In the nanoparticle range, the antiferromagnetic moment appears to extrapolate 
to zero at 100% inversion, which should occur at a particle size of Φ ~ 5 nm. Given the 
strong dependence of the inversion on particle size, it is difficult to say which is 
dominant. So I think, we cannot draw a firm conclusion on the a/f character from the 
PA – Neutron Diffraction alone. However, the neutron diffuse scattering results (Figure 
6-15) shows that the n.n. magnetic correlation is antiferromagnetic, which is consistent 
with the proposition that particle size is not critical. 
Initially, inversion appears to be the dominant factor for increased 
ferrimagnetism (i.e. ball milling from Φ ~  90 nm to Φ ~  21 nm), but then from Φ ~  21 
nm to Φ ~  9 nm, the Fe
3+
 collinear moment is decreasing, while the Fe
2+
 collinear 
moment continues increasing. It appears that this behavior on both Fe
2+
 and Fe
3+ 
is also 
linear with inversion, but not with particle size, so this favours the predominance of 
inversion. 
Finally, we note that the saturation magnetization correlates most strongly with 
the Fe
2+
 (the A-site) ferrimagnetic component. In fact the saturation magnetization 
increases even more sharply than the Fe
2+ 
moment alone, so the decreasing Fe
3+
 
moment must also plays a role. This indicates that the paramagnetic response will 
diverge for even smaller nanoparticles (which is potentially interesting for medical 
applications). So again it seems that inversion is the dominant driver. 
The study of the particulate-size dependence of TN or TC, done previously, further 
complicates the magnetic structure investigation. The distribution of moments in any 
material varied with the TN or TC, and decides a particular magnetic-order preference 
for that material. Previous works [25, 134, 150, 244] on ZnFe2O4, showed that the 
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saturation magnetization, MS, increases with increasing c. Depending on TN or TC, MS 
found from hysteresis loop and accordingly, the magnetic moment distribution 
developed different magnetic orders preferences. 
Technically, a neutron diffraction scattering study of spinel ferrite is different 
from that of a physical-property measurement; the former gives atomic properties, the 
latter bulk properties. Nonetheless, the magnetic-properties measurements done by both 
techniques are related to each other. We have the fascinating observation by Fayek et al. 
[42], of diffuse magnetic order for ZnFe2O4 along with the antiferromagnetic (10
1
2
) 
peak at a higher temperature. In this work, Fayek et al. discussed the magnetic structure, 
precisely against the possible reflection positions and intensities, where a negligible 
contribution of a long-range magnetic order was found on the (A) sites and confirmed 
the magnetic unit cell of ZnFe2O4, preferred a doubling of the nucleus cell in one 
direction. In the same year, Boucher et al. [155] also studied the magnetic structure of 
antiferromagnetic ZnFe2O4 by neutron diffraction, and also observed a relative 
antiferromagnetic order similar to that found by Fayek et al. [42]. Later Hofmann et al. 
[25] observed the coexistence of the a/f LRO or the a/f SRO for a nanoparticulate 
ZnFe2O4 and the ferrimagnetic preference for a smaller particle with a higher inversion 
in Φ ~ 15 nm. Kamazawa et al. [245] discussed the origin of antiferromagnetic order for 
a bulk ZnFe2O4 and single crystal of frustrated natural ZnFe2O4. As a continuation of 
interest in the magnetic-structure investigation of nanoparticulate ZnFe2O4, Fei et al. 
[26] observed the magnetic-cluster formation at a lower temperature, and was in 
agreement with the corresponding magnetization measurements.  
Combination of these investigations has raised a captivating issue to be 
researched, whether it is possible to observe all long- and short-range magnetic orders in 
a single spinel ferrite.  
 Present Studies 7.2
In this work, we studied the nanoparticulate ZnFe2O4 sample series (Φ ~ 9 nm, Φ ~ 15 
nm, Φ ~ 21 nm and Φ ~ 90 nm) by measurement of the physical properties (using a 
PPMS
TM
) and neutron diffraction scattering (NDS) to reveal the magnetic structure. At 
the same time, the magnetic properties of nanoparticulate MgFe2O4 were also 
investigated to compare the magnetic moment orientation of spinel ferrites of different 
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categories, i.e., normal spinel and inverse spinel. These studied outcomes are correlated 
in this section.  
7.2.1 Effect of Inversion Parameter on Magnetic-Order 
Transformation 
Depending on the antiferromagnetic (a/f) and ferrimagnetic (ferri) order, the blocking 
temperature, Tb, or freezing temperature, Tf, of the bulk and nanoparticulate ZnFe2O4 
samples respond in different ways with variable frequency and cooling field. In NDS 
analysis of these samples, we found that the Curie temperature, TC, measured from the 
Bloch 2/3 law, was observed to be 408 K and 71 K for the Φ ~ 21 nm and Φ ~ 90 nm 
samples, respectively. From AC magnetization investigation for nanoparticulate 
ZnFe2O4, we observed a more readily occurred magnetic-order transformation for milled 
samples with a higher parameter, c, from 0.008 to 0.35, because the activation energy, 
Ea, with parameter, c = 0.008 is roughly hundred times greater for that with c = 0.35 
(Figure 4-15). Moreover, the rate of change of Ea for the milled samples (c = 0.064 to c 
= 0.35) is three times higher than for the unmilled sample (c = 0.008). The activation 
energy, Ea, is much higher (from 9.1x10
-1
 K to 1.0x10
-2 
K at 5 K) for a smaller sample 
than for a larger sample (from Φ ~ 9 nm to the Φ ~ 90 nm and summarized in Table 4-7.  
The blocking temperature, Tb, decreased with increasing particle size means the 
requirement of temperature for paramagnetic configuration is higher for the smaller 
particulate sample. Accordingly, we observed that Tb with high value or Tf varied from 
285 K to 105 K for the Φ ~ 9 nm to the Φ ~ 90 nm samples, respectively. A smaller 
sample with a higher activation energy possessed comparatively a higher Tb, and for Φ 
~ 9 nm sample, Tb was found to be 285 K which is rather represented as Tf. Whereas 
with the lowest inversion, c = 0.008, the lowest Tb = 105 K was observed for the Φ ~ 90 
nm sample of the investigated ZnFe2O4 series, and in this sample antiferromagnetism 
dominates at a lower temperature (~ 105 K) for this series.  
Figure 7-1 presents Tf, observed for the samples at 10 Hz and 10 kHz obtained 
from the PPMS
TM
, and TC, from NDS analysis, as a function of parameter, c. Both 
characteristic temperatures exposed the same trend of temperature required to transform 
magnetic order, against relevant parameter, c, though the temperature values themselves 
are not the same. This observation is also supported by Hofmann et al. [25], Hamdeh et 
al. [134], Shäffer et al. [150], and Stewart et al. [244].  
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Figure 7-1: Comparison of the variation of freezing temperature, Tf, for nanoparticulate ZnFe2O4 samples 
(from PPMS
TM
) against inversion parameter, c, along with the Curie temperature, TC (K), obtained from 
the present analysis on neutron diffraction scattering (NDS) and previous works [25, 134, 150, 244]. The 
lines are guides for the eye. 
According to our NDS analysis, we found that all the samples have a 
combination of antiferromagnetic and ferrimagnetic behaviour. As the particulate sizes 
decreased, the ferrimagnetic character dominated the antiferromagnetic order. The 
strength of different magnetic ordering and their coexistence is supported by the AC 
magnetization analysis. 
In a ferrimagnetic material, the interaction of moments is a hundred to a 
thousand times greater than in an antiferromagnetic one. Like in Fe2O3, core/shell 
formation occurred (confirmed from the DC magnetization analysis) in the 
nanoparticulate ZnFe2O4 samples, where the shell dominates the magnetic exchange 
across the grain boundaries. A dipole-dipole interaction existed in the material and 
interaction among moments occurred in nanoparticulate samples and consequently 
developed the antiferromagnetic and ferromagnetic order, along with paramagnetic 
order, after reaching Tb and SSG state above Tf. Therefore, a superparamagnetic 
structure was confirmed in nanostructured ZnFe2O4 samples with the variation of 
parameter c.  
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This investigation is supported by NDS investigation of nanoparticulate 
ZnFe2O4. The antiferromagnetic ordering was observed below 25 K for the samples. As 
Tf and TN from the magnetization and NDS analysis, respectively, were found to 
increase above 70 K with inversion parameter, ferrimagnetism coexisted with 
antiferromagnetism in nanoparticulate ZnFe2O4 due to the existence of inter-particle 
interaction (Figure 4-25).  
In our NDS analysis, we have shown the magnetic phase diagram of ZnFe2O4 
with Tc for the Φ ~ 9 nm to Φ ~ 90 nm samples as a function of average particle size 
(Figure 6-12). The magnetic phase diagram shows that the a/f LRO developed because 
of Fe
3+
-Fe
3+
 ions interaction on the [B] sites and this antiferromagnetic interaction 
existed in all the samples up to 10 K. As the temperature increased above 10 K, the a/f 
LRO decreases, because, with increasing the temperature, some Fe
2+
-Fe
3+
 ions 
interaction occurred across the (A) and [B] sites. Short-range magnetic ordering was 
obtained, comparatively, at a lower temperature in a nanoparticulate sample than in a 
bulk sample. The ferrimagnetic long-range order (ferri LRO) from the Fe
3+
-Fe
3+
 ions 
interaction on the (A) site was stronger in nanoparticulate samples than in the bulk 
ZnFe2O4, because with inversion more Fe
3+
 transferred from the [B] site to the (A) site. 
With increasing inversion, thermally-influenced ferrimagnetic interaction increased on 
the (A) site of a milled ZnFe2O4 sample and antiferromagnetic order was suppressed by 
increasing ferrimagnetic behavior. Accordingly, TC for ferrimagnetic order decreased 
with increasing particle size for ZnFe2O4.  
The temperature range for the antiferromagnetic order was observed below 25 K 
for all ZnFe2O4 samples, and this almost constant range is supported by the magnetic 
phase diagram of Hofmann et al. [25]. Below Tb, the magnetic order of all samples is a 
combination of antiferromagnetic and ferrimagnetic orders. As we found that a smaller 
sample (Φ ~ 9 nm) possessed stronger ferrimagnetic order than a bigger one (Φ ~ 90 
nm), a higher Tb (~ 285 K) (termed as Tf) is required to attain a SSG state where 
magnetic dipole moments lose alignment with a net zero magnetization. From NDS 
analysis, we observed that the ferri LRO existed in the Φ ~ 9 nm sample even at 295 K, 
whereas for the Φ ~ 90 nm sample, the ferri LRO is dominated by the a/f SRO and a/f 
LRO than that of the Φ ~ 9 nm sample.  
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 A similar trend of Tf was observed for a nanostructured MgFe2O4 series (Φ ~ 9 
nm, Φ ~ 15 nm, Φ ~ 21 nm, and Φ ~ 90 nm), where we found that Tf varies from 338 K 
to 218 K for the Φ ~ 9 nm to Φ ~ 90 nm samples, in that order. In both investigated 
series of samples, nanoparticulate ZnFe2O4 and nanoparticulate MgFe2O4, the 
paramagnetic ordering is attained at lowest Tf in the largest samples (~ 105 K and 219 K 
for the Φ ~ 90 nm ZnFe2O4 sample and Φ ~ 21 nm MgFe2O4 sample, respectively). 
Nevertheless, as unmilled MgFe2O4 is a partially inverted spinel ferrite, we observed 
that ferrimagnetic Fe
3+
-Fe
3+
 ions interaction on the (A) site decreased with increasing 
mechanical activation. Consequently, smaller MgFe2O4 particulates (Φ ~ 9 nm and Φ ~ 
15 nm) are stronger antiferromagnetic materials than larger ones (Φ ~ 21 nm and Φ ~ 90 
nm), and this trend is just the reverse of ZnFe2O4. In nanostructured ZnFe2O4 samples, 
ferrimagnetism dominates with decreasing particulate size.  
The inverse spinel ZnFe2O4 was obtained from a normal spinel ZnFe2O4, by 
mechanical activation, and superparamagnetism increased with a gradual augmentation 
of ferrimagnetic order. An inverse spinel ferrite has a ferrimagnetic preference above 
antiferromagnetism and is sustained by both nanoparticulate ZnFe2O4 and 
nanoparticulate MgFe2O4.  
7.2.2 Influence of Inversion Parameter on Magnetic Moment 
Structural and magnetic characterization of nanostructured MgFe2O4 samples was done 
at different thermal conditions, similar to what we have done for the nanocrystalline 
ZnFe2O4 samples. Though MgFe2O4 and ZnFe2O4 are different types of ferrites, where 
MgFe2O4 is partially inverted, and ZnFe2O4 is non-inverted or normal spinel ferrite, we 
used similar techniques and conditions to investigate their structural and magnetic 
characteristics. The aim of this work is not only to observe the structural and magnetic 
properties of ZnFe2O4 but also to study the magnetic structures for ZnFe2O4 and 
MgFe2O4 together, to make it easier to understand the magnetic behavior of normal 
ZnFe2O4 and inverted ZnFe2O4. 
Development trend of the magnetic susceptibility, χ, for MgFe2O4 samples with 
decreasing particle size from Φ ~ 90 nm to Φ ~ 9 nm (Table 5-7 and Figure 5-11) was 
just the opposite to that of normal spinel ZnFe2O4. The cation distribution in a normal 
spinel is different to that of an inverse spinel. With developing mechanical activation in 
ZnFe2O4 samples, Fe
3+
 ions on the [B] site in a normal ZnFe2O4, moved to the (A) site 
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and Zn
2+
 and Fe
2+
 ions also gradually transferred to the [B] site. As a result, suppression 
of ferrimagnetic coupling over the antiferromagnetic coupling occurred on the [B] site 
of an inverted ZnFe2O4 sample. Consequently, there is higher susceptibility associated 
with the smaller ZnFe2O4 samples (Figure 4-11 and Table 4-6). This ion distribution 
with the variation of particulate sizes confirmed the superparamagnetism of the 
ZnFe2O4 samples, developing from antiferromagnetic to ferrimagnetic order with a 
larger fraction of inverted ZnFe2O4. This magnetic pattern, found in inverted ZnFe2O4, 
is supported by the magnetic trend of inverted MgFe2O4 (without mechanical 
activation). 
The magnetization investigation for both nanoparticulate ZnFe2O4 and 
nanoparticulate MgFe2O4 series delivered opposite results to each other. Nonetheless, 
inverted nanoparticulate ZnFe2O4 sample (Φ ~ 9 nm) and inverted bulk MgFe2O4 
sample (Φ ~ 90 nm) show consistency in magnetic order, as ferrimagnetism dominates 
in these two samples. As we observe in the following table (Table 7-1) for saturation 
magnetization, MS, for nanostructured ZnFe2O4 (5 K), with particle size from Φ ~ 90 
nm to Φ ~ 9 nm, we found that MS increases from 0.41 μB/F.U.  to 1.81 μB /F.U. The 
magnetization of ZnFe2O4 is developed 77% (approximately), from bulk to 
nanoparticulate sample due to decreasing antiferromagnetic moment on the [B] site by 
65% with increasing inversion from 0.008 to 0.35.   
The opposite trend of MS, as well as moment, was observed in the case of 
nanostructured MgFe2O4 samples, illustrated in Figure 7-2 from the values of Table 7-1. 
From this table, it is found that MS decreased from 0.97 μB/F.U. to 0.61 μB/F.U. for 
nanostructured MgFe2O4 samples from Φ ~ 90 nm to Φ ~ 9 nm. The largest (Φ ~ 90 
nm) MgFe2O4 possessed the highest moment (μ = 33 μB/atom (average)) also associated 
with stronger ferrimagnetism with the highest net ferrimagnetic moment. With the 
diminution of particulate size, the antiferromagnetic moment overpowered as well as the 
antiferromagnetic order. Therefore, partially inverted MgFe2O4 acquired a stronger 
ferrimagnetism similar to the inverted ZnFe2O4.  
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Particle Size 
Φ (nm) 
Saturation Magnetization MS (5 K) 
(μB/F.U.) 
ZnFe2O4 MgFe2O4 
9 1.81 (1) 0.61 (1) 
15 1.51 (1) 0.72 (1) 
21 1.42 (1) 0.82 (1) 
90 0.41 (1) 0.97 (1) 
Table 7-1: Saturation magnetization, MS, of ZnFe2O4 and MgFe2O4 samples with the variation of 
particulate size from Φ ~ 90 nm to Φ ~ 9 nm. 
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Figure 7-2: Variation of saturation magnetization, MS, for nanostructured ZnFe2O4 (the black curve) and 
MgFe2O4 (the blue curve) as a function of nanoparticulate size from Φ ~ 9 nm to Φ ~ 90 nm, observed at 5 
K. Lines are guides for the eye. 
Moreover, in a nanoparticulate ZnFe2O4 sample, ferromagnetic and 
ferrimagnetic moments for Fe
2+
 and Fe
3+
 ions, respectively, increased simultaneously 
observed from the magnetization study has an extraordinary correlation with the neutron 
diffuse scattering (NDS) investigation. It is quite an achievement to combine this with 
the saturation magnetization, MS, data from the magnetization investigation of the same 
sample. When comparing the NDS results to the MS data one curious, but important 
observation emerges that the MS trend seems to follow the trend for the (A) site 
component of the ferrimagnetic moment. One possible explanation for this is that it is 
only the (A)-site moments that are relatively unconstrained and free to rotate in an 
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external field. They have much lower anisotropy energy than the [B] site moments since 
the latter has both a ferromagnetic component and an antiferromagnetic component and 
will resist the external field.   
Table 7-2 compares the MS (μB/F.U.) data from the PPMS
TM
 and moment, μ 
(μB/atom), for different magnetic orderings from NDS as a function of inversion 
parameter, c. Figure 7-3 illustrates the ferrimagnetic moment due to Fe
3+
, μferri(Fe
3+
), 
and Fe
2+
 ions, μferri(Fe
2+
), separately along with the antiferromagnetic moment, μa/f 
(planar), and saturation moment, MS. From this figure, we observe that μferri(Fe
3+
) and 
μferri(Fe
2+
) increase gradually, as a function of inversion, c, from 0.008 to 0.35, by 22% 
and 53%, respectively, and the opposite trend is observed for μa/f (planar) on the [B] site 
and decreased by 65% with increasing inversion, c.  
Particle 
Size Φ 
(nm) 
Inversion 
parameter 
c 
Saturation- 
Magnetizat
ion MS (5 
K) 
(μB/F.U.) 
Antiferroma-
gnetic 
Moment μa/f 
([B] sited 
Fe
3+
) 
(μB/atom) 
Ferrimagnetic 
Moment μferri 
(Fe
3+
 ions) 
(μB/atom) 
Ferrimagnetic 
Moment μferro 
(Fe
2+
 ions) (μB/ 
atom) 
MS/Fe
3+
 
9 0.35 1.81 (1) 0.57 (1) 0.97 (1) 1.13 (2) 1.10 (1) 
15 0.146 1.511(1) 0.90 (1) 1.29 (1) 0.96 (2) 0.81 (1) 
21 0.064 1.43 (1) 1.22 (1) 1.42 (1) 0.91 (2) 0.74 (1) 
90 0.008 0.41 (1) 1.61 (1) 0.77 (1) 0.55 (2) 0.21 (1) 
Table 7-2: Saturation magnetization, MS, of nanostructured ZnFe2O4 samples, with particle size from Φ ~ 
90 nm to Φ ~ 9 nm (observed at 5 K) is summarized along with the antiferromagnetic moment, μa/f 
(planar), the ferrimagnetic moment due to Fe
3+
 ions, μferri(Fe
3+
), and Fe
2+
 ions, μferri(Fe
2+
). 
Figure 7-3 also shows the variation of MS as a function of the site-inversion 
parameter, c. A gradual decrease of particle sizes of nanostructured ZnFe2O4 from Φ ~ 
90 nm to Φ ~ 9 nm resulted in a higher net moment from μ = 33 μB/F.U. to μ = 0.6 
μB/F.U., respectively, and ferrimagnetic moment developed a stronger ferrimagnetic 
LRO with the simultaneous decrease of antiferromagnetic order and increase of 
ferromagnetic order. Therefore, a stronger ferrimagnetism is attained with a more 
inverted ZnFe2O4 sample. This development of magnetic order is supported by the 
increasing MS data from 0.41 μB/F.U. to 1.81 μB/F.U. associated with the unmilled and 
milled ZnFe2O4 samples, respectively. Table 7-2 shows the MS per Fe
2+
 and Fe
3+
 ions of 
nanostructured ZnFe2O4 samples, with particle size from Φ ~ 9 nm to Φ ~ 90 nm, 
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observed at 5 K. It is observed that MS for Fe
3+
 increases gradually as a function of 
inversion, c, by 81% and supports the trend of μferri(Fe
3+
) observed from the NDS 
analysis. 
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Figure 7-3: Saturation magnetization, MS, of nanostructured ZnFe2O4 samples, with particle size from Φ 
~ 9 nm to Φ ~ 90 nm (observed at 5 K) is illustrated (the green-dashed curve), along with the 
antiferromagnetic moment, μa/f (planar), by the red curve, the ferrimagnetic moment due to Fe
3+
 ions, 
μferri(Fe
3+
), by the blue curve, and Fe
2+
 ions, μferri(Fe
2+
), by the purple curve. Lines are guides for the eye. 
From the NDS analysis, we deduced that our samples possessed a tetragonal 
antiferromagnetic symmetry, corresponding to the space group Fd3m. The best fit 
between the magnetic model and data is found where the moment lies in the basal plane.  
It is known that inversion between divalent ions on the (A) site and trivalent ions on the 
[B] site, of the AB2O4 lattice, increases systematically with increasing milling time (as 
particle size decreases), which leads to a remarkable change in the magnetic 
correlations.  
Consistent with the earlier reports on ZnFe2O4, we found that the long-range 
magnetic order (appears below TN ~ 10 K) gradually moved from antiferromagnetic to 
ferrimagnetic with decreasing particle size and we determined the relative strength of 
these two components regarding the moment. Furthermore, we observed a significantly 
growing short-range magnetic order above TN. We have shown that this short-range 
magnetic order appeared due to the participation of the [B]-site Fe ions and found that 
the correlations are antiferromagnetic and extended out to 9x10
-10
 m.  
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From the combined study of the magnetic structure of nanostructured ZnFe2O4, 
utilizing magnetization and NDS, we concluded that the developed ferrimagnetism 
coexisted with a diminishing antiferromagnetic order, developed due to increasing 
mechanical activation procedure by ball milling. This result is finally represented in 
Figure 7-2 along with the MS for nanostructured ZnFe2O4 (black curve) and MgFe2O4 
(blue curve), observed from magnetization investigation at 5 K. In this figure, the black 
and blue curves represent the gradually increasing ferrimagnetism and decreasing 
antiferromagnetism, respectively, for inversion parameter from 0.008 to 0.35. The 
thermal effect on MS did not change the pattern of magnetic order, but affected only the 
moment, discussed in the Appendix (Figure A-7).  
Graphical presentation of the antiferromagnetic and ferrimagnetic moment as a 
function of inversion parameter, in Figure 7-3, illustrates the development of magnetic 
order in nanostructured ZnFe2O4. The Φ ~ 9 nm ZnFe2O4 sample, with parameter c = 
0.35, possessed the highest ferrimagnetic moment, μferri (0.969 μB/atom), and the lowest 
antiferromagnetic moment, μa/f (0.568 μB/atom). We observed just the reverse pattern 
for the Φ ~ 90 nm ZnFe2O4 sample with parameter c = 0.008, the lowest μferri (0.758 
μB/atom) and the highest μa/f (1.605 μB/atom). The magnetic structure of all samples is a 
combination of antiferromagnetic and ferrimagnetic orders. The overall magnetization 
of nanostructured ZnFe2O4 developed significantly with a gradually augmenting 
ferrimagnetic and weakening antiferromagnetic order simultaneously.    
 Future Plans - Advanced Polarization Analysis  7.3
We concluded this project with the magnetization and neutron diffuse scattering (NDS) 
study described here, only for the lowest temperature data sets, i.e., for 5 K and 1.5 K, 
respectively. Undoubtedly MS shows the same trend for all other investigated 
temperature (5 K to 300 K), as we showed in Figure 4-23 (also presented in the 
Appendix). In the case of NDS, we require investigating the moment distribution 
investigation at a few more temperatures to develop a complete magnetic model for 
nanoparticulate ZnFe2O4 along with the magnetic phase diagram more reliable and to 
analyze the magnetic relaxation data. Experiments aimed at producing deeper insight to 
the magnetic behavior of nanoparticulate ZnFe2O4, where nanoparticulate MgFe2O4 will 
lead to an improvement in the investigation of magnetic phase diagram of 
nanoparticulate ZnFe2O4. 
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7.3.1 Neutron Diffuse Scattering (NDS) 
We have presented the magnetic phase diagram for nanostructured ZnFe2O4 in Figure 
6-12. We have taken the antiferromagnetic short-range and long-range order trends from 
the phase diagram established by Hofmann et al. [25], for several reasons. In that study, 
nanostructured ZnFe2O4 was prepared by mechanochemical route, just as for the 
samples of the present research. Moreover, the temperature range of antiferromagnetic 
order was approximately the same as that of Hofmann et al.’s observations. We showed 
the magnetic trend line for ferrimagnetism only with the TC for the Φ ~ 21 nm and Φ ~ 
90 nm samples, as a function of inversion parameter, c. The trend line obtained from the 
Bloch’s 3/2 power law, for the Φ ~ 90 nm sample, contained the data set for only two 
temperatures; 1.5 K and 30 K. For precise measurement of TC for this sample, we need 
to determine the power law at a few other temperatures.  
We obtained the NDS dataset from D7, at different temperatures for dissimilar 
samples. To have a stronger and more significant study of the structure of complex 
magnetic order of the investigated nanostructured ZnFe2O4 series, we intend to conduct the 
NDS experimentation at the same temperatures, for all samples. We planned to study the 
strength and length scale of ferromagnetic short-range order from those data sets and will 
provide a complete phase diagram for nanostructured ZnFe2O4.  
7.3.2 Small-Angle Neutron-Scattering (SANS) 
Neutron scattering technique used the polarisation analysis on Longpol (at the HIFAR 
reactor) [26], and on D7 we observed magnetic relaxation in the nanoparticles, up to a 
temperature well above room temperature. Our D7 experiments also show a forward 
magnetic scattering, i. e. small-angle scattering, appeared to vary with the degree of 
inversion and temperature. This observation derives from ferromagnetic near-neighbor 
correlations and is presumably linked to the superparamagnetic response. Unfortunately, 
we were unable to access low enough scattering vectors on D7 to characterize this, leaving 
a substantial gap in our understanding. 
We designed a plan to study the magnetic and nuclear scattering, of our series of 
ZnFe2O4 nanoparticles (Φ ~ 9 to 90 nm), using the small-angle neutron-scattering (SANS) 
instrument D33 (via polarization analysis), situated at Institut Laue-Langevin (ILL, 
Grenoble, France). We aimed to probe the changes in core and shell volumes and magnetic 
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properties with a particle size (inversion) and temperature. We intended to study the series 
of nanoparticle (inverted) MgFe2O4 sample for comparison [19]. These measurements were 
performed with polarization analysis, in an applied field of ~ 0.5 Tesla, and at selected 
temperatures between 5 K and 300 K. Our approach for the experiment followed along the 
lines developed at NIST [181], separating magnetic and nuclear SANS into spin-flip (SF) 
and non-spin-flip (NSF) components respectively. In our case, we flipped the polarization 
in the 
3
He analyzer filter to obtain the scattering data for the combination of neutron 
polarization spin states (+, +) and (+, -).  
We selected two similar-sized samples of each series of nanostructured ZnFe2O4 and 
MgFe2O4 samples; Φ ~ 15 nm and Φ ~ 90 nm. The SANS experimentations were 
conducted at a current from 0 A to 10 A and at three different temperatures 5 K, 30 K, and 
300 K, for all four samples of two compositions. Depending on the magnetic ordering of 
these two compositional nanoparticulate samples, obtained from Chapter 4 and Chapter 5, 
the possibility of core and shell formation was discussed for the studied samples. From the 
D33 data set, we planned to investigate: 
1. The comparative sizes of the core and shell of the nanoparticles; and  
2. Differences between the magnetic contributions of the core and shell. 
The small-angle neutron scattering (SANS) experimentation was done for the Φ ~ 
15 nm and Φ ~ 90 nm samples of both nanoparticulate ZnFe2O4 and nanoparticulate 
MgFe2O4 by using SANS instrument D33 at ILL. The schematic diagram of this 
instrument is presented in Figure 3-7. Each of the samples went through the polarization 
analysis for the temperatures - 5 K, 30 K, and 300 K with current 0 A, 5 A, and 10 A. 
The experiments were conducted with a monochromatic neutron beam of a wavelength 
of 6 Å and the wavelength resolution of (∆λ/λ) = 10%.  
7.3.2.1 Magnetic Contributions from Core and Shell 
The SANS pattern was manipulated for each of the studied samples, from the 
corrected data set for all temperature and current configurations, in the experiment, 
using the Graphical Reduction and Analysis SANS Program (GRASP) [246].  
Figure 7-4 shows the corrected data for the Φ ~ 15 nm ZnFe2O4 sample, with the 
combined large-angle and small-angle counts from the rear and front detectors, 
respectively, of D33.  
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Figure 7-4: Small-angle scattering with the monochromatic neutron beam of wavelength λ = 6 Å, for the 
Φ ~ 15 nm ZnFe2O4 sample from both the rear and front detectors of SANS spectrometer D33. 
The (i) flipper polarization, and (ii) combined polariser and 
3
He cell polarization 
are shown in Figure 7-5, for the same data set. The similar correction is done for all 
samples, examined by SANS. In future work, the relative sizes of core and shell, and the 
differences between the magnetic contributions from core and shell will be investigated 
for the studied samples, from the appropriately corrected data sets.   
 
Figure 7-5: Best fitting of SANS data for flipper polarization and a combined polarizer and 3He cell, 
observed for the Φ ~ 15 nm ZnFe2O4 sample. 
                                              10
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The corrected SANS patterns for the Φ ~ 15 nm and Φ ~ 90 nm ZnFe2O4 
samples are represented in Figure 7-6 (a) to (d), for the combination of neutron 
polarization spin states; (- -) and (+ -). Here, we observe that the core and shell 
development of the Φ ~ 15 nm sample is sharper than that of the Φ ~ 90 nm sample. The 
SANS pattern for the Φ ~ 15 nm sample shows a shell (green) which is distinguished 
unambiguously from the core (pale blue).  
 
Figure 7-6: Two-dimensional SANS patterns for the Φ ~ 15 nm sample are presented in (a) and (c), and 
for the Φ ~ 90 nm sample patterns in (b) and (d), for (- -) and (+ -) neutron polarization spin-states 
combinations, respectively. The data are corrected for partial polarization. 
Inspecting the SANS images from Figure 7-6 (a) and (b), we found the 
possibility of the magnetic order for the ZnFe2O4 sample, and that it is mainly due to the 
ferrimagnetic core, whereas the magnetic contribution from the shell remains diffuse 
and gives rise to the short-range magnetic order. Measurement of the moments of core 
and shell can provide us the exact magnetic-order contribution from core and shell 
separately. Moreover, studying the thermal effect on the thickness of core and shell for 
different samples has a significant prospect to find out the magnetic order of 
nanoparticle ZnFe2O4 samples with the variation of inversion parameter, c. 
(b) Φ ~ 90 nm (- -) (a) Φ ~ 15 nm (- -) 
(c) Φ ~ 15 nm (+ -) (d) Φ ~ 90 nm (+ -) 
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7.3.2.2 Relative Sizes of Core and Shell 
It was discussed earlier that the scattering intensity is the combination of nuclear and 
magnetic Fourier transformations; FN
2 , FM∥
2 and FM⊥
2 , respectively [181]. The Fourier 
transformation can be calculated by the equations (3-27) to (3-30). We calculated these 
different scattering factors for the Φ ~ 15 nm sample, from the corrected SANS data at 5 
K and 5 A, and plotted these in Figure 7-7. In Figure 7-7, the blue dotted line indicates 
FN
2  for nuclear scattering and the red dashed line is reporting a significant trend of 
FM∥
2 for magnetic scattering, and will lead us to the size of the core and shell of the 
relevant sample. Though the plotted lines contained very few data points, two peaks are 
observed in the magnetic scattering, and the first peak position, Q (Å
-1
), gives the size 
of the core for the relevant sample.      
 
Figure 7-7: Magnetic and nuclear form factors plotted against Q, observed at 5 K and 5 A, for the Φ ~ 15 
nm ZnFe2O4 sample. Here the red dashed line indicates FM II
2
for magnetic scattering, and the blue dotted 
line indicates FN
2
for nuclear scattering. Lines are guides for the eye. Lines are guides for the eye. 
We will analyze the SANS data in more detail to extract a more comprehensive 
magnetic structure of nanostructured ZnFe2O4 with an unambiguous transformation of 
magnetic order, and its contributions from the ferrimagnetic core and ferromagnetic 
short-range ordered shell. 
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Chapter 8 
 
8 Appendix 
 
 App.A: Instruments used in Present Investigations 8.1
 
The original and schematic diagrams of a few of the instruments, used for the sample 
preparation and experimentations in the present project, are given below: 
8.1.1 Planetary Ball Mill for Sample Preparation 
A planetary ball-milling instrument, model Pulverisette 7, Fa. Fritsch, situated in the 
sample- preparation laboratory of Institute for Superconducting & Electronic Materials 
(ISEM), University of Wollongong, was used to prepare nanostructured MgFe2O4 
samples. We chose this ball mill for making the nanoparticulate sample of selective 
sizes (Figure A-1) because of the high-energy precision of sample-containing jars and 
the scope of selecting the ratio of the ball to sample mass, in the sample jar.  
 
Figure A-1: The planetary high-energy laboratory mill, Pulverisette 7. 
8.1.2 Schematic Diagram of X-Ray diffractometer 
The X-ray diffractometer, MacScience MX18HF Diffractometer, with CuKα radiation 
(1.5418 Å), of the Institute for Superconducting & Electronic Materials (ISEM), 
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University of Wollongong, was used for the structural-properties investigation. The X-
ray diffractometer is presented in Figure A-2.  
  
Figure A-2: X-ray diffractometer. 
8.1.3 Physical Property Measurement System (PPMSTM) 
 
Figure A-3: Schematic diagram of physical property measurement system (PPMS
TM
). 
The AC and DC magnetization experimentations of nanostructured ZnFe2O4 and 
MgFe2O4 were conducted using a 9-T Physical Property Measurement System 
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(PPMS
TM
) situated at ACNS, Australian Nuclear Science and Technology Organisation. 
Sample environment possibilities of this magnetometer include fields up to ±16 T and 
temperature range of 1.9 – 400 K (Figure A-3). 
8.1.4 Neutron Polarization Analysis Spectrometer D7 
 
 
Figure A-4: Neutron polarization analysis spectrometer, D7. 
The polarized neutron scattering for ZnFe2O4 samples was measured on the neutron 
polarization analysis spectrometer (D7) of the Institut Laue-Langevin (ILL), France. 
The specialty of this spectrometer is that it has 32 sets of supermirrors analyzer and 
detectors to collect the counts from an investigated sample simultaneously over a wide 
scattering angle, which gives more extensive scattering data than a classical triple-axis 
spectrometer (Figure A-4). 
 App.B: Neutron Scattering Analysis (NDS) 8.2
8.2.1 Magnetic Phase Diagram of Nanostructured ZnFe2O4 
From the neutron diffuse scattering analysis, we have discussed the magnetic phase 
diagram of nanostructured ZnFe2O4, by plotting the Curie temperature, TC, or the Néel 
temperature, TN, as a function of particle size, Φ (nm), in Figure 6-12. According to this 
figure, we observed coexistence of the ferrimagnetic long-range order (ferri LRO) with 
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the antiferromagnetic short-range order (a/f SRO) and the antiferromagnetic long-range 
order (a/f LRO). This complex magnetic phase diagram shows that, with increasing Φ, 
the ferri LRO overpowered the co-existing a/f LRO and a/f SRO, because the a/f LRO 
remained unperturbed with the variation of Φ and the a/f SRO experienced a gradual 
decline.  
The magnetic phase diagram for nanostructured ZnFe2O4 was illustrated for the 
different samples, with particle size from Φ ~ 90 nm to Φ ~ 9 nm, from the NDS data at 
1.5 K. The centers of scattering peaks and area fits of all studied samples, at 1.5 K, are 
summarized in Table A-1.  
Reflection Scattering Φ ~ 90 nm Φ ~ 21 nm Φ ~ 15 nm Φ ~ 9 nm 
Centre 
(Å-1) 
Area fit 
(Å-1) 
Centre 
(Å-1) 
Area fit 
(Å-1) 
Centre 
(Å-1) 
Area fit 
(Å-1) 
Centre 
(Å-1) 
Area fit 
(Å-1) 
111 Nuclear  1.304 0.048 1.304 0.049 1.304 0.008 1.304 0.008 
220 2.113 0.021 2.113 0.021 2.113 0.028 2.113 0.030 
311 2.466 0.123 2.466 0.191 2.466 0.1073 2.466 0.120 
10
𝟏
𝟐
 Antiferro- 
magnetic 
 
 
0.840 0.114 0.840 0.111 0.840 0.029 0.840 0.029 
21
𝟏
𝟐
 1.716 0.006 1.716 0.008 1.716 0.001 1.716 0.001 
21
𝟑
𝟐
 2.010 0.021 2.010 0.020 2.010 0.001 2.010 0.002 
10
𝟓
𝟐
 - - - - - 0.0002 - 0.0002 
10
𝟑
𝟐
 1.349 0.009 1.349 0.062 1.349 0.007 1.349 0.041 
30
𝟏
𝟐
 2.266 0.007 2.266 0.037 2.266 0.001 2.266 0.002 
111 Ferri- 
magnetic 
1.308 0.010 1.308 0.007 1.308 0.001 1.308 0.001 
220 2.128 0.002 2.128 0.002 2.128 0.005 2.128 0.008 
311 2.503 0.203 2.503 0.045 2.503 0.135 2.503 0.163 
Table A-1: Area fit for different antiferromagnetic, ferrimagnetic, and nuclear (coherent) scattering peaks 
for different nanostructured ZnFe2O4 samples, with particle size from Φ ~ 90 nm to Φ ~ 9 nm at 1.5 K. 
The area fits for different antiferromagnetic, ferrimagnetic and nuclear 
scattering peaks for different studied samples, at 1.5 K, were observed from the LAMP 
with the Pseudo-Voigt function. As discussed earlier in Chapter 6, we found that 
ferrimagnetic and coherent peaks generate from the same position. While, the 
antiferromagnetic peaks were generated between 0.84 (Å
-1
) and 2.266 (Å
-1
) peak 
positions, observed from the Table A-1.  
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The magnetic phase diagram was presented from the area fit of different peaks, 
obtained from this table and also were utilized to calculate the intensities of various 
scattered peaks to compare with the intensities those previously observed by Fayek et 
al. [42] and Boucher et al. [155]. The observed and calculated peak intensities for the Φ 
~ 90 nm ZnFe2O4, at 1.5 K, were compared with Boucher et al.’s model in Table 6-6. 
We also calculated these peak intensities from 0
0
 to 90
0
 angles, along with the error 
corrections. The graphical presentation of the best fit as a function of angle, concerning 
the z-axis, is shown in Figure A-5. 
0 20 40 60 80
2.50
2.75
3.00
3.25
M
a
g
n
e
ti
c
 m
o
m
e
n
t 
w
it
h
 e
rr
o
r 
c
o
rr
e
c
ti
o
n
 

Angle with respect to the z-axis (degree)
nm ZnFe
2
O
4
 
Figure A-5: The magnetic moment with respect to the z-axis, observed for the Φ ~ 90 nm ZnFe2O4 at 1.5 
K. 
 This illustration, for the Φ ~ 90 nm ZnFe2O4, confirms the antiferromagnetism, 
which arises from the Fe
3+
 ion distribution on the [B] site, and this ion distribution was 
discussed in Figure 6-9. Similar to the Φ ~ 90 nm sample, different scattering peak 
positions and area fits were observed for the other studied samples at 1.5 K. The 
relevant calculation shows the variation in different magnetic moments with the change 
of inversion parameter (Figure 6-17 and Table 6-8). Table A-2 shows the variation of 
antiferromagnetic moment, μa/f, and ferrimagnetic moment, μferri, for different 
particulate-sized samples, as compared with the full ZnFe2O4 moment, μ (%).  
 
206 
 
Magnetic moment of 
full ZnFe2O4 moment 
μ (%) 
Φ ~ 9 nm Φ ~ 15 nm Φ ~ 21 nm Φ ~ 90 nm 
Antiferromagnetic  
Moment μa/f  
16 (4)%  23 (5)%  47 (7)%  57 (8)%  
Ferrimagnetic  
Moment μferri 
23 (5)%  32 (6)%  34 (6)%  19 (4)%  
Table A-2: Variation in antiferromagnetic and ferrimagnetic moment for different nanostructured 
ZnFe2O4 samples, with particle size from Φ ~ 90 nm to Φ ~ 9 nm, as compared with the full ZnFe2O4 
moment, μ (%). 
 This illustration supports the antiferromagnetic preference of a bulk sample as 
compared to that of a smaller particulate sample. From this table, we observe that μa/f  
decreases from 57% to 16% with the variation of particulate size from Φ ~ 90 nm to Φ ~ 
9 nm and μferri % increased from 19% to 23% with the variation of particulate size from 
Φ ~ 90 nm to Φ ~ 9 nm. With the decreasing particulate size, replacement of Fe
3+
 ions 
by Fe
2+
 ions on the [B] site suppressed the antiferromagnetism by ferrimagnetism, 
which is also supported by the magnetic phase diagram shown in Figure A-6. 
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Figure A-6: Magnetic phase diagram for nanostructured ZnFe2O4 by plotting TC or TN as a function of 
inversion parameter, c. Lines are guides for the eye. 
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The magnetic phase diagram as a function of inversion parameter, c, (Figure A-
6) supports the co-existence of magnetic orderings with different trends which indicated 
an increasing ferri LRO.   
8.2.2  Magnetic Structure of Nanostructured ZnFe2O4 
In Chapter 6 and Chapter 7, we discussed the gradually increasing ferrimagnetic 
moment as a function of inversion parameter, c, from 0.008 to 0.35, which showed a 
gradually diminishing antiferromagnetic moment for nanostructured ZnFe2O4 samples. 
The saturation magnetization study supported this magnetic moment distribution of 
various magnetic orders due to different ion distributions, where varying temperature 
did not change the trend, except to strengthen the saturation moment, MS. The thermal 
effect on MS as a function of inversion, c, is shown in Figure A-7, along with the 
ferrimagnetic moment, μferri, and antiferromagnetic moment, μa/f, obtained from NDS 
analysis. 
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Figure A-7: Variation of ferrimagnetic and antiferromagnetic moments for nanostructured ZnFe2O4 as a 
function of inversion parameter, c, along with the saturation magnetization, MS, observed at different 
temperatures from 5 K to 300 K. Lines are guides for the eye. 
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